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Executive Summary under the direction of a single principal investigator
(that is, all sensors under one PI):

The solar corona is one of the last unexplored re-

gions of the solar system and one of the most impbr- In situ measurements:plasma distribution

tant regions for understanding Sun—Earth Connec- functions and composition; plasma waves;

tions. Results from the Solar Orbiting Heliospheric energetic particle fluxes and composition;

Observatory (SOHO) and Ulysses have focused un- magnetic fields

derstanding of regions to the point tirasitumea- « Remote sensing:magnetograph/Doppler

surements and close-up imaging are necessary for(helioseismology) imaging of the Sun; high-

further progress. spatial-resolution extreme ultraviolet/X-ray

: , o . imaging of the Sungcoronal imaging
This report describes a robust, scientifically |mp0{_-

tant space mission to explore the source of the s IQF mission and spacecraﬁ des'gf‘s were derived
wind from inside the solar corona at 4 to 110 solP™ CONCepts developed during earlier mission stud-
radii from the center of the Sun les, but important differences reduce cost and en-

hance science return:

Our primary science objective is to understand the
processes that heat the solar corona and produce th
solar wind. Solar Probe, the third of three missions . .
in NASA's Outer Solar System/Solar Probe Project, requires no more than 16 Wa_tts _and delivers a
will accomplish this objective with a combination data return greater than 100 kilobits per second.
of in situ particle and fields measurements and re- The vehicle design incorporates nadir viewing
mote sensing. Thia situ instruments will measure ~ capability for both imaging and particle sensing.
structures of various scales, including some of thle trajectory lies in the plane perpendicular to the
smallest filamentary structures, transients, and waeediptic. Perihelion distance is 4 solar radii from the
in coronal holes and streamers; the remote sensiegter of the Sun following a Jupiter gravity assist.
instruments will detect both small-scale, transiehe mission consists of two near-Sun flybys. With a
magnetic structures and global coronal conditioB807 launch, the first pass occurs near solar maxi-
at the Sun. Payload development is streamlinedrym. The second pass occurs in the descending
having each of the two classes of instruments bydthiase of the solar cycle, near solar minimum.

J he focused science objectives are met with a
science payload mass of up to 19 kilograms that



1. Overview the polar regions, as well as local sampling (at times
at high spatial resolution) of plasmas and fields at

Solar Probe, the first mission to the Sun and the th'a[ latitudes. The first encounter is timed to provide

of three missions in NASAs Outer Solar System ssage over the west limb of the Sun to enable a

. . . a

Solar Probe Project, is a voyage of exploration, df%al-time data link during the flyby. During the same

covery, and comprehension. For decades, space SCi- : )

: L S : Solar rotation but before the flyby, this geometry al-

entists have anticipated this mission to the inner frc(n-
[

tier of the heliosphere. This near-Sun flyby wi pws Earth-based observers to preview the longitude

. : rgversed by Solar Probe at perihelion. Scientific dis-
providein situmeasurements in the solar corona and _ _. . :
ssions of various aspects of the Solar Probe mis-

) ) : U
high-resolution pictures and magnetogrgms of téﬁon have been reported recently in the literature
photosphere and polar atmosphere. By flying throu abbal, 1997; Mobius et al., 1999; Gloeckler et al
coronal holes, where fast solar wind is believed A99b: I’—|abbai ot al 1998)” ' N
be born, and through streamers, where slow solar ™’ v '
wind most likely originates, and by determining so-
lar surface properties over the poles, Solar Probe 4t The Need
dresses the basic questions of solar wind origin. S@he of the last unexplored regions of the solar sys-
measurements can be obtained in no other way, i¢gh is the innermost portion of the heliosphere: the
they are absolutely necessary, both to unravel thégion inside the orbit of Mercury. We have flown
mystery of the solar wind and to explain what fuyy many planets. Galileo is now orbiting Jupiter, and
damental natural processes require the Sun (and p@éssini is on its way to Saturn. With Ulysses we are
ably most other stars) to have a million-degree asxploring the high-latitude heliosphere. The Voyag-
rona. These measurements also are needeamwill soon reach and report on the distant boundary
“ground truth” for interpreting the many measuresf the solar system. From its 1-AU orbit, SOHO is
ments of the Sun and solar activity that have begmaging the Sun and its atmosphere far better than
made from a distance of 1 AU. Driven by the exver before. Wind and ACE are measuring solar wind
traordinary observations from Ulysses and the Soéaid solar energetic particles at 1 AU with unsurpassed
Orbiting Heliospheric Observatory (SOHO), Solgsrecision and detail. Yet we have never encountered
Probe measurements made close to the Sun can gr@Sun. The inner heliosphere, the solar corona, and
vide closure to these fundamental problems.  polar photosphere remain essentially unexplored. At
) , the same time, Ulysses and SOHO have shown us
Solar Probe is scheduled for launch in February 20Qat we do not understand how energy flows into the
It will arrive at the Sun along a polar trajectory pegy|ar atmosphere, heats the corona and drives the so
pendicular to the Sun—Earth line with a periheliqg, ing, which affects the Earth and all other planets

of 4 solar radii Rg) from the Sun’s center. Two periynq determines the size and shape of the heliosphere.

helion passages will occur, the first in 2010 (negis now clear that onljn situ measurements offer

solar sunspot maximum) and the second in 20dha opportunity to achieve that understanding.
(near solar minimum), ensuring measurement of both

coronal hole and streamer-related solar wind prap-is now technically possible to send a well-
erties. To reach the Sun, the probe must first fly iigstrumented and affordable spacecraft close to the
Jupiter and use a gravity assist to lose its anguilin’s surface to explore for the first time this last

momentum about the Sun. The Jupiter flyby alggntier—the inner heliosphere from a few solar ra-
rotates the probe’s orbital plane®%way from the (i to ~60Rs. Solar Probe is this mission.

ecliptic. Dropping into the Sun some 3.6 years after

launch, Solar Probe passes 0.5 AU 10 days priofHging from pole to pole of the Sun through the so-
closest approach and spends an intense ~14 hdéarsatmosphere down toR from the Sun’s center,
between the north and south solar poles. The im&gplar Probe will perform the first close-up explora-
ing andin situ miniaturized instruments will pro-tion of the Sun, the only star accessible to humankind.
vide the first 3-dimensional view of the corona, highhis pioneering mission will directly sample the so-
spatial- and temporal-resolution observations of ttee wind in the acceleration region and will take
magnetic fields, and helioseismic measurementshigh-resolution images of the solar atmosphere and

2



of the polar regions of the Sun’s surface. This both higher and more variable in the slow wind
missing “ground truth” picture will link the enor-than in the fast wind. MHD turbulence in slow wind

mous wealth of existing solar and coronad less evolved and more intermittent than in fast
observations to the actual physical state and dynammd.

ics of the solar corona. Solar Probe will take us a

long way toward determining the origin and accel."® Boundary Between Fast and Slow Wind is
eration of the fast and the slow solar wind that enguft@rP- This boundary between fast and slow wind
the entire solar system, modulates the penetragtf\falso sharp in freezing-in temperature and FIP
cosmic rays from the galaxy into the solar syst ength. Thus the boundary between fast and slow

and onto Earth, and controls interplanetary spaffld must extend down to the lower corona, where
from the Sun to the local interstellar medium A€ Charge states freeze in, and to the chromosphere,
beyond the outermost planets. where the composition is established.

1.2 Current Knowledge of the Solar Wind 1.3 Current Knowledge of the Corona and
_ o High-Latitude Solar Photosphere
Fast and Slow Solar Wind.Ulysses, with its near-

polar 1.4 5.4 AU orbit, revealed that solar wind=0ronal Structure and the Solar Cycle.The co-
comes in two states: an irregular slow wind with typiona changes dramatIC_aIIy over the solgr gycle, with
cal speeds of 400 km/s and a smooth fast wind wi@ronal holes dominating at sunspot minimum and

a speed of ~750 km/s. This “bimodality” of the s§Ssentially absent at solar maximum. Streamers
lar wind is most apparent at solar minimum. Fa@@minate the corona outside of coronal holes. Solar

wind comes from coronal holes, and slow wingrobe will pass through the corona at both solar
comes from the boundaries or interior of streamef@ximum and solar minimum to provide good data
Solar Probe will encounter streamers in both 2096 Poth steamers and coronal holes.

and 2015 and will pass through coronal holes at 5 to o . o
10Rs in 2015. Characteristics of the Initial Solar Wind in Coro-

nal Holes. SOHO and interplanetary scintillation
Fast Wind is Steady and SimpleFast wind is rela- results show that fast wind reaches its terminal speed
tively steady and also relatively simple in compoddy 10Rs and that at &g it is already being acceler-
tion. Its charge-state distribution is characterized B{ed. At 4Rs the temperature of heavy ions is much
asingle, low freezing-in coronal temperature for eabigher than that of protons, whereas at 1 AU, the
element. The elemental composition of the solar wifdlifference is smaller. The proton temperaturery 4
is less biased in the fast wind than tends to be tA€oronal holes is 2 to 3 times higher than the elec-
case in the slow wind; it resembles the photosphélfien temperature inferred from charge state measure-
composition more closely than is generally true witheénts in the terminal wind, but they differ by less
the slow wind; and the overabundance of low firlan a factor of 2 at 1 AU. Inferred ion temperature
ionization potential (FIP) elements is much weakanisotropies are enormous between 2 angskhd
in the fast wind than it is in the slow wind. Fast windre believed due to an Alfvén or ion-cyclotron wave
is permeated by an evolving field of magnetohydrfield absorption contributing to the perpendicular
dynamic (MHD) turbulence, which is presumed t&mperature. A true proton temperature anisotropy

be a remnant or imprint of the coronal accelerati@Xists in the 1-AU fast solar wind, but it is smaller
process. than inferred from the coronal observations.

Slow Wind is Variable and Complicated.Slow Plumes permeate all coronal holes, yet are invisible
wind is highly variable in speed and more complia the solar wind. How this variable, filamented flow
cated than fast wind in its other characteristics. iscomes the uniform fast wind is unknown. Solar
charge-state distribution can no longer be characterebe will answer the question of whether this tran-
ized by a single freezing-in temperature. The F#gion is related to the source and evolution of wave
effect is far more pronounced, and thke/*He ratio turbulence in the solar wind.
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Characteristics of the Initial Solar Wind in and extend our understanding of how those dynamics and
Above Streamers.Results from SOHO and othefields relate to the flow of energy into the corona.
observations indicate that flow speeds in and around

streamers are consistent with the origin of slow wingt# Summary

but how this happens has not been determined. Oihe results briefly described in Sections 1.2 and 1.3
problem is that the standard concept of a streamdets/e many fundamental questions unresolved about
a magnetostatic structure that releases no windte solar wind origin and the mechanisms for its ac-
the steady state. However, SOHO has clearly shoyéteration, as well as about coronal heating mecha-
sporadic escapes of mass from the tops of streanmigms and flow of energy from the solar surface to
that seem to ride on a preexisting subsonic slow flatve corona. We do not know magnetic field phenom-
Solar Probe will pass through the tops of streamefsology and surface and subsurface flow patterns in
precisely where this process is occurring. the polar regions and how they differ from those at

lower latitudes. We have no direct information on
Measurements from SOHO show that the proton teffla, hatyre of wave turbulence and of wave—plasma

perature is comparable to or lower than the Inferrele 5 otions in the acceleration region. We have no
electron temperature, but proton temperature is Gigact information on the energetic particle popula-
tinctly less than electron temperature in the terming),g their production and acceleration. Turbulence
solar wind.' Inferred ion temperature an?sotropies Affthe upper corona and transient events at lower al-
less than in coronal holes. Composition measuffqes provide appropriate conditions for particle ac-
ments in streamers show a difference in core a0de ation. Identification of the active mechanisms

sentially static core. Solar Probe will measure hqWion and wave environments, along with their spa-
these differences map out into the solar wind. o, axtent and dynamical evolution

Properties of the Polar PhotosphereSOHO has . . . .
| of these questions will remain unanswered until

hinted at some remarkable features for the polar _. . .
. : IN_situ measurements are made in the solar wind

photosphere. But since neither SOHO nor any space- . . o
. - ) acceleration region near the Sun and until high-
craft confined to near the ecliptic plane can view the o :
: , esolution images of the polar regions of the Sun are
poles effectively, these features remain poorly de- . .
. aken. These questions are the basis for the Solar

fined. The SOHO results show

Probe Mission.

1. A rotation rate at higher latitudes that is even

lower by 10% to 20% than expected from C e .
extrapolation of mid-latitude differential rotatiord- Current Scientific Understanding

2. Some evidence for a polar vortex and Questions
3. Some evidence of a polar concentration of

magnetic flux 2.1 The Sun, the Corona, and the Solar
4. Measurements of surface and subsurface motmbe Mission

indicating that. meridional ﬂOV.VS are a fgctor Oéolar Probe will fly as close to the Sun’s surface as
more than 2 higher than previously estlmatedis possible with today’s technology. Both imaging
5. Indications that small- and large-scale magnefifdin situ measurements will provide the first 3-
fields on the Sun are rooted at different depthsdimensional view of the corona, high spatial- and
the convection zone temporal-resolution measurements of the plasma and
Combined with the more general SOHO result shomagnetic fields, and high-resolution helioseismology
ing that magnetic flux is replaced very rapidly esand magnetic field observations of the solar polar
erywhere on the surface of the Sun (approximatgliotosphere. Two perihelion passes are planned, the
every 40 hours), these results suggest the value bfst near the 2010 sunspot maximum and the sec-
close examination of the photospheric dynamics amald near the 2015 sunspot minimum, when the solar
magnetic fields. Such a close examination witbrona will be similar to that shown in the image on

4



the cover of this report. At its perihelion ofRE, information needed to distinguish between these
Solar Probe will be immersed in bright equatoriabenarios, fulfilling the mission’s overall objective.
streamers like those on the cover. In this region, thiee mission will furthermore link the enormous
plasma is dense and dominated by collisions; twealth of existing solar and coronal observations to
plasma ratio of thermal pressure to magnetic préise actual physical state and dynamics of the solar
sure > 1; the speed is subsonic; and slow solkewrona. This pioneering mission meets basic needs
wind originates in a way that has so far eluded umi-the NASA Solar Connections Initiatives. It is of
derstanding. Elsewhere, at 5 to R§) Solar Probe fundamental significance in astrophysics, because the
will pass through coronal holes where the fast sofwn is the prototype for all other stars and is the only
wind originates. Here, the plasma is collisionless ast@ér that can be investigated in detail.

non-Maxwellian, and the plasnfia<< 1. .
Solar Probe makes two full orbits about the Sun to

The primary unanswered questions: allow observations in the corona near both solar

Solar Probe will add the followi mgaximum and solar minimum. This requirement
olar Frobe will address the following unanswer% mes from the radically changing nature of the co-

questions about basic physical phenomena of fa over the 11-year solar sunspot cycle and the

Sun: “bimodality” of the solar wind. The solar cycle

. Whatis the physics of the flow of energy throug?_"anges in the corona are shown schematically in
the Sun’s surface and into the solar atmosph&tgure 1.
(corona)? Near solar maximum, the large-scale magnetic field

* What causes the slow solar wind? What causd#sthe Sun is disordered, coronal mass ejections
the fast solar wind? (CMESs) occur at a rate of several per day, many so-

«  What are the properties of the smallest structuf@s flares occur each day, and radio, extreme ultra-
in coronal holes and streamers? violet (EUV), and X-ray emissions from the corona

.are orders of magnitude higher than at solar mini-
. Wum. Long-lived coronal holes are either absent or
like near the poles of the Sun, beneath the po\lfarry small, Solar Probe has a negligible probability
coronal holes? of encountering one. During this time (Figure 1a),
There are several alternative scenarios for what t8Bislar Probe will collect information on the active
mission may reveal, and each scenario is relatedstin and corona, on the source of the slow wind, on
specific causes for coronal expansion. Solar Probgt®ck waves and plasma waves, and on the accel-

ensemble of instruments will provide the specifieration of energetic particles in the corona.

(@l il 4]

PMlinmies | S0
g T hrighil prdims)

Figure 1. Schematic of evolution of the solar corona over the 11-year sunspot cycle. (a) Solar maximum, when the
Sun is covered by relatively small streamers with small or nonexistent polar coronal holes. (b) Declining phase of the
solar cycle, also showing that coronal plumes occur in the coronal holes. Plumes, however, exist at all times in
coronal holes. The polar coronal holes are growing in size at this time and the global structure of the corona often
appears “tilted” away from the rotation axis (N). (c) Solar minimum, similar to the configuration seen in the image on
the cover of this report. At minimum, the polar coronal holes are at their largest.
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Near solar minimum, the Sun’s global magnetic field understand the physical processes responsible
is well organized and roughly dipolar. The coronais and to use the particles to probe, remotely,
dominated by large equatorial streamers, and polar physical conditions in the plasma; determine the
coronal holes extend down to mid-latitudes at the role of plasma waves and turbulence in the
photosphere and nearly to the equator beyond a fewproduction of solar wind and energetic particles.
solar radii (Figure 1c). CMEs occur at a rate of about

one per day. During this time, Solar Probe is certd#cause the properties of the corona are so depen-
to pass through a polar coronal hole insidRy,8aind dent on the solar cycle, these mission objectives can-
probably inside Rs. Detailed measurements of th@ot be met in a single pass of the Sun at any single
properties of fine structure, waves, and turbulent@e during the solar cycle. However, the use of two
in the high-speed wind will be made, and the propasses through the corona at appropriately different
erties of quiescent equatorial streamers can be @@es in the solar cycle allows the mission to meet
termined. This phase of the mission will resolve ti#d objectives.

many questions about the origin of fast solar wind. _ _ _ _ _
The following sections give details on what is known

of the solar corona and why Solar Prabaeces-
sary to address the unanswered questions.
The irreductable core objectives (category A; see

Section 3.1) of the Solar Probe mission, defined fropy Resuits from Ulysses that Motivate the

the unanswered questions just listed and from knowp/ar Probe Mission

properties of the corona, are as follows:

Objectives of the Solar Probe mission:

A major result from Ulysses is a graphic picture of

« Determine the acceleration processes and figfar wind bimodality—meaning that the slow solar

the source regions of fast and slow solar windtnd and the fast solar wind have fundamentally dif-
maximum and minimum solar activity. ferent origins. Evidence for bimodality is outlined

* Locate the sources and trace the flow of eneﬂ&/-rable L.

that heats the coro_na. _ ‘The graphic picture of bimodality is the “dial plot”

* Construct the 3-dimensional coronal densif¥igure 2) of solar wind speed versus heliographic
configuration from pole to pole and determingtitude measured by Ulysses between 1994 and 1995
the subsurface flow pattern, the structure of tﬂgring the fast latitude scan from°80to 8GN lati-
p0|ar magnetIC f|e|d, and ItS re|atI0nShIp with thﬁjde (Ulysses was ~2.2 AU over the poles and
overlying corona. ~1.4 AU at perihelion, at the equator.) This plot

» ldentify the acceleration mechanisms and locatkows that fast wind is steady and that the transition
the source regions of energetic particles, bothttoslow wind is nearly discontinuous, occurring here

Table 1. Bimodality of the solar wind.

Property (1 AU) Slow Wind Fast Wind
Flow speed 400 km/s 750 km/s
Variance ~50% Variance ~5%
Density 7cm? 3cm™
Variance 50-100% Variance 10-30%
Temperature T,(1 AU) ~ 50,000 K T,(1 AU) ~ 200,000 K
Variance 50-100% Variance 50-100%
Composition Depends strongly on first  Nearly independent of FIP

ionization potential (FIP)
“Freezing-in” temperature ~1.5x10°K ~10° K

6




90N . o
= 900 : are: EVICS F LUyzzes :
=L e 1 =
E 0 - * L +. A L ++ -\E.
= i, - + W.j oot Wt =
: ¥ b = * r
.E. ,ﬁm | ! % ; E' s ‘_*‘4 1 l:c |I *i*‘l: |.Ll| 1 15
E' ' i : ; o “F:- 5 ‘.* a. | ' '-h 1’3 .

- T ] i i E A = - = —
ﬁ | 3 S = ?'? "-IHF'.F’ l‘l'q-*h +W |?i' Ry %
= 300 | TR i :‘ E- I-I-: -II i‘h‘* '1'Iil.'|r._ ;-. ‘*"I'a:‘ 4143 I-I'.:I
= S e 5 w5 acgf 7P et
'E | O 4 ._-E._ & E E qris
=1 | I E. . +
} - Ly =
= ol e E l -ﬁh +| f‘
g E |E" h -i'-l-‘ !
e 'fp.'* -1- aAr
)
E LY L - o
" AR -ﬁﬁ’i" P -#' .
1 M < Poow
*® ! ® -I Rl
.:J {E\: |||||| 11 1l 1 1 1 1 1
0 n A Al 4 £

Day & Towedn

90s

Figure 3. Solar wind He speed (pluses), O (closed circles)
Figure 2. “Dial plot” of flow speed measured with Ulysses  and C (open circles) coronal freezing-in temperature, as
during the 1-year fast latitude scan. Variance in the high  well as Mg/O (closed diamonds) and Fe/O (open
speed is ~5% over this interval (McComas et al., 1998).  diamonds) abundance ratios. These Ulysses data are

repeated to facilitate recognition of the sharp boundary

between fast and slow wind (Geiss et al., 1996).

at latitudes of about15°. Figure 2 shows the con-he freezing-in temperatures are high and variable in
figuration near solar minimum. (It is expected thatow wind. These close correlations with flow speed
near solar maximum the region of steady, fast wifar a coronal process (freezing-in temperature) and
will be much smaller or absent). Measurementsathromospheric process (composition) show that the
high temporal resolution show that fast wind comroundary between fast and slow wind is a sharp
tains a field of evolving MHD turbulence, whereasoundary extending all the way down to the chro-
fluctuations in the slow wind are of longer periothosphere. This is one reason for the current belief
and are more characteristic of a transient source tkizat slow wind originates in streamers.
in the fast wind.

The proton kinetic temperature from the fast latitude
Ulysses observations reveal that the compositionsafan is shown in Figure 4. There is again the sharp
fast wind is also relatively simple. The charge-statansition in temperature, from the consistently high
distributions indicate a low freezing-in temperaturgalue in the fast wind to the low value in the slow
as is shown for O and C in the top panel of Figurev@nd between equatorial high-speed streams. How-
Furthermore, the fast wind distributions of variousver, the variance in fast wind’s temperature is ~50%,
elements are characterized by a single freezingemmpared with its flow speed variance of 5%. This
temperature for each element that differs, howevB0% variance is a true variance that is difficult to
from one species to the next. The composition is leestoncile with the smooth flow speed shown in Fig-
biased in the fast wind (closely resembling photare 2.1t may be the consequence of filamentary struc-
spheric composition), as shown by the abundancéws in the corona such as plumes (which are dis-
Mg and Fe relative to O in the bottom panel of Figussed in more detail in Section 2.3) but this cannot
ure 3. In contrast, Mg and Fe are overabundant, dedknown until Solar Probe makes the necessary
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Figure 4. Proton temperatures (1-hour averages, not adjusted for radius) measured during the fast latitude scan
from Ulysses.

situ measurements. The kinetic temperature of tBe3 Remote Sensing of the Corona and
slow wind has a comparable variance but differirjhotosphere—Fast Wind and the Solar
statistical properties and several large spikes that nkpbe

result from high-speed equatorial coronal hole flo .
or from the small CMEs (e.g., Sheeley et al., 19gg)ysses results contrast with what has been learned

that occur even at sunspot minimum. The proton te Jout streamers and coronal holes with remote
perature in the fast wind is also anisotropic, beina

larger perpendicular to the magnetic field than pai e B

allel to the magnetic field (Figure 5). This phenom: b e rf

enon is shown in Section 2.3 to have a coronal cou (VY| H__‘.;

terpart in the observations made by SOHO' !5:} <4240 Ve ¥ AR

Ultraviolet Coronagraph Spectrometer (UVCS). o P I,f SN

Temperature anisotropy is a diagnostic used to di e Ty ]

tinguish between suspected coronal heating process 7=~ 7 A {

because it tests whether high-frequency Alfvénicy &% " ——— 50 T L

clotron waves may be involved. Solar Probe will || {-ﬁ fitﬂf-r} Sl L

measure this parameter as a function of distance :||| A \ h If—:_,:',;“a\; N T, 'Ix'.w_.'..

the way into the corona. | ,f{!.r ,“‘ .*M_t X M\:{“'E -q—ﬁ“ﬁ'l RN :.'T“L e

What we know as a consequence of Ulysses o ="_{1 / " o :l [ L\

and other solar wind observations: ' | I:;~ — Sy | ]

« The solar wind is bimodal, and the two state: it e e e g 0 0
differ in composition, temperature, temperature 1';?“?--1'.'-.1“““- —--—__H:_-:_"_i;. e
anisotropy, speed, small-scale fluctuations, an s o R =
intrinsic variabilities. 220 AT R

7 miser

e The fundam_ental Importance ofthes’e_dlfferer_lcg%ure 5. Contours of solar wind proton velocity
was appreciated after only Ulysses’ first orbit. isripution in fast wind at 0.29 AU measured by Helios.

Contours are 0.8, 0.6, 0.4, 0.2, 0.1, 0.03, 0.01, 0.003 and

What needs to be answered with Solar Probe: 0.001 of the maximum phase space density. The
_ distribution is anisotropic (Tperp > Tparallel). hot, and has
« How are the differences between the two stateaster component along the magnetic field direction

created in the solar corona? (dashed line) (Marsch et al., 1982).
8



sensing from SOHO, as well as results from | 1,000
planetary Scintillations (IPS), Spartan 201-01, '

other missions. The comparison raises addit — 8O0~

questions. A summary plot of IPS data fromthe & |-

rona, together with some Spartan 201-01 da E 600

given in Figure 6. The figure shows that the fastv =~ = :

on average, already undergoes acceleration in g 400/

Rs. Although some acceleration must therefore £ fi ¢

cur inside Solar Probe’s perihelion, the mission 2007,

still be able to analyze acceleration physics, as ¢ '.r

in the following paragraph. What is remarkable ¢ 0, 20 40 o8 30 10
Figure 6is that the vertical spread in individual rr Distance (Ry)

surements represents true velocity dispersion. The
flow is simply not smooth and well ordered. It adz_igure 6. Solar wind speed in coronal holes versus radius
. _ . ) e

pears that at ~&, flow speeds can be as low a\glth 90% confidence limits (Grall et al, 1996). Also shown
. . _,.__are Spartan 201-01 speeds at 2 and 5.5 Rg. The curves

~_400 km/s and ag h!gh as .1000.km/s. ThIS. QISpg(é model solutions (dashed) and models plus wave bias

sion decreases with increasing distance until it cqBolid). It is concluded that (1) the mean apparent speed

verges on the speed observed at Ulysses. This obiseiready 800 km/s at 10 Rg and probably even at 5 Ry;

vation has suggested at least three interpretation? (2) the apparent radial speed of the polar wind

(1) the flow is highly filamentary and becomes mixe%(hibits great “spatiotemporal fine structure” and is not
ell described as a smooth, spherically diverging flow.

.bey.ond ~1(.Rs; (2) t.he speed along a Strear_n“nghe vertical spread in points around a given radius
is highly variable in time and smoothes dynam'ca”)ﬁpresents the true flow speed dispersion. The dotted

with increasing distance; and (3) the dispersi@Brizontal lines are the upper and lower bounds of Ulysses
represents a field of large-amplitude Alfvén waveseasurements over the polar regions.
superimposed on the flow.

Each of these three hypotheses is closely related' conclusion of that and later studies is that plumes
an associated process for the cause of high-speggdt in all coronal holes. Plumes lie over magnetic
wind. Solar Probavill pass through precisely theflux concentrations in the photosphere, although not
most important heights in coronal holes for distiry| flux concentrations have plumes. We do not un-
guishing between these possibilities. Therefore, #é€rstand how plumes are created or how the higher
mission will be well situated to analyze the accekensity is supported. Not only will Solar Probe pass
eration physics associated with this phenomenon afigéctly through this field of plumes at ~5 to Rg
its relationship to the production of the smaller-scal@t also the coronal imager on Solar Probe will be
turbulent fluctuations observed in the high-speegle to make close-up pictures of plumes, and the
wind by Ulysses. photospheric imagers will be able to analyze the dif-
ferences in magnetic field structure in individual
Next, SOHO’s Large Angle and Spectrometric Corgnagnetic flux concentrations.
nagraph (LASCO) has directly confirmed something
suspected for many years but difficult to observetts not surprising that plumes exist in coronal holes,
that the flow in coronal holes is indeed far from hdvecause the ratio of thermal energy density to mag-
mogeneous. Figure 7 (left panel) is a contrastetic field energy densify << 1 out to at least 1R
enhanced portion of a LASCO C2 image (2.0 {&uess and Smith, 1996), and there is thus little dy-
~4.0Rg). This image shows bright rays in the coravamic interaction of plasma across magnetic flux
nal holes, delineated by the horizontal white batabes in this region. The photospheric magnetic field
These plumes are bright because they are denser thgeneral, and magnetic flux concentrations in par-
the surrounding interplume plasma. One of the fitstular, are highly irregular in size, shape, amount of
Joint Observing Programs on SOHO (JOP 39) fimixed magnetic polarity, and temporal variations.
cused specifically on polar regions and plume flonBlumes probably form over those concentrations that

9
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Figure 7. Left. A SOHO/LASCO C2 image that has been digitally enhanced to bring out the radial striations in the
polar coronal holes. Radius of the occulting disk is 2 Rg. White bars at the top and bottom of the image delineate the
regions containing the striations. These are plumes, the bright ray-like structures that have been known for many
years. Right. Schematic of coronal streamers and coronal holes emphasizing the empirical result that the plasma
(ratio of thermal energy density to magnetic field energy density) is small in coronal holes and greater than unity in
streamers. Plumes are illustrated in the coronal hole where they can exist primarily as a consequence of B << 1.
Beyond ~10 R, B approaches unity and plumes are observed to become diffuse and difficult to detect with LASCO.

have opposite polarity flux being pushed into the cofke flow speed in plumes has been shown by the
centration by photospheric motions. The resultim@pppler dimming measurements of SOHO/UVCS
magnetic reconnection apparently heats the bas¢odbe ~130 km/s at ~Rs (Corti et al., 1997), which
plumes and increases the overlying density, but w&n be used with empirical plume densities and in-
do not yet understand how plumes are maintainéetred geometry to estimate plume flow speed at
Because of the highly variable photospheric fiel8,5Rs. Plume geometry is known because of the low
however, the footpoints of field lines extending intp of the plasma (Suess et al., 1998). There is rapid
the corona have strongly varying conditions. Thed&ergence (observed with SOHO’s Extreme Ultra-
differing conditions will not communicate to nearbyiolet Imaging Telescope/EIT) up to a height of
flux tubes becausp << 1 just above the chromo-~50,000 km, and then above 50,000 km plume and
sphere. The heating at the base of a plume may raag¢erplume flow tube geometries are essentially iden-
the density in the overlying flux tube, but the adjaical. Assuming the flows are identical, the flow speed
cent flux tube is unaffected. Thus, it can be antien plumes is found to be 130-230 km/s at B
pated that filamentary plasma structures will exist @omparing this range of speeds with the measured
coronal holes down to the smallest scale of the phatpeeds shown in Figure 6 (which shows that the mean
spheric magnetic field, which is probably no largapparent speed of the solar wind is 500-750 km/s at
than ~100 km. One important measurement possiblé Ry), it can be seen that plumes flow at less than
with Solar Probe will be to relate the dispersion, balf the speed of interplume plasma. This dichotomy
fine structure, in the solar wind proton temperatuire speeds means that plumes would be expected to
(Figure 4) toin situ coronal temperatures. This instand out clearly in Ulysses data. Several searches
formation will allow us to identify dynamic processelsave been made of high-latitude Ulysses data for
from the imprint of this fine-scale photospheric magiume-like signatures, and an earlier search was made
netic field structure. of Helios data (Marsch, 1991), with only tentative
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identifications at best. There are identifiable struc
tures in the fast wind, including the “pressure ba
anced structures” of McComas et al. (1995) and tl
“microstreams” of Neugebauer et al. (1995), whic
may be the residue of plumes and other phenome
but the absence of an obvious signature shows t|
plume and interplume plasma must undergo mixir
somewhere between ~10 andR) where plumes
begin to fade in LASCO images, and ~0.3 AU, whe
they have no obvious signature in the Helios dat
At present, the only possible way of analyzing t
plasma processes in this region is through the use
in situ measurements. Solar Probe’s prime missi
covers this region.

Figure 8 shows data collected to observe flow
plumes during the SOHO JOP 39. These are the d
used to show the co-alignment of plumes and so
magnetic flux concentrations. The bases of plum
are visible in the center panel as enhanced emiSSiﬂﬁure 8. South polar images made during JOP 39 to
while the magnetic flux concentrations are visibkudy polar plume flow. Top: Magnetogram (SOHO/MDI)
in the magnetogram in the top panel. JOP 39 aBy@wing the dominant (white) polarity in the south polar
revealed that magnetosonic waves often propag%‘{@”a' hole with flux occurring mostly in strong flux

. ._.-concentrations. Center: FelX/X 171 A emission (SOHO/
up (away from the Sun) in plumes and are visi ) showing the base of plumes and bright points.

because of the enhanced density. Bottom: He 304 A emission (EIT) showing macrospicules

) _and chromospheric network, and the southern polar
The bottom panel of Figure 8 shows macrospicul@gonal hole.

extending up through the transition region, some-

times reaching heights of 100,000 km and speeds of

150 km/s. This impulsive phenomenon is like a pis-

ton in a rigid tube at these heights, again becagsey photospheric imager on Solar Probe are (1) to
B << 1. It should produce shocks and local heatiggtermine the size and temporal evolution of mag-
of the plasma in the flux tubes and may accelergigtic flux elements as a function of solar latitude and
particles. This jet-like phenomenon may be a consgpe of Sun (quiet, active, plage, and coronal hole)
quence of reconnection in the photosphere. Sora@d (2) to determine the size and interaction rates of
what larger-scale jets have been well observedniagnetic reconnection like that of Figure 9.

active regions by Yohkoh, and models of the pro-

cess, such as that shown in Figurb&®e been de- SOHO spectroscopic observations have revealed
veloped. Small-scale activity (microflares) occurs wther surprising properties of the solar wind in coro-
the network and appears to be the source of the al-holes in the first few solar radii above the solar
ergy required for the solar wind, but we do not knasurface. SOHO/UVCS line profiles were found to
how this energy is transferred to the solar wind.Have a component with a very large width. This is
can be transported in the form of waves, jets, asidown in Figure 10 for the HI Lymamnline. Oxy-
perhaps energetic particles that could all be detectgth lines are even more extreme, with a highgr

at 4 to 8Rs. Virtually all the strong (kilogauss) mag{equivalent velocity half-width). These widths are
netic flux elements not in sunspots or pores are ctarger than the expected outflow speed at these alti-
centrated in the network, at scales as small as ~1fes; the cause is probably not simple turbulence,
km. Diffuse bipoles are continuously swept into thesace H has smaller widths tharP©Also, a plasma
regions and must be replenished. The primary tagkghermodynamic equilibrium with the observed
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Cool Jet et al., 1997). Therefore, since Doppler dimming is
observed, the conclusion is that the line widths are
less in the radial direction, and that the larggis
Fast Shock probably due to damping of ion-cyclotron waves or
_Slow Shock Alfvén waves. This hypothesis should be considered
£ in light of the results shown in Figure 5 for the pro-

ton temperature anisotropy in the solar wind.

Hot et

A-point

HotLoops ciearly, very interesting processes are occurring be-

F‘\ tween 4Rg and the interplanetary medium, but what
-\ they are is truly completely unknown. Just as clearly,

\ I". these processes have something to do with how en-
ergy is deposited in fast solar wind. Solar Probe will
Figure 9. Schematic of physical processes found from determine the wave amplitudes in the corona, how
numerical simulations of magnetic reconnection the waves vary from one flux tube to another, and
aSSOCiatt.edl"Vith emehrgiﬂgbﬂux' The_s‘t’”d lines r?p;ese”(} the type of waves present. Figure 11 collects results
magnetic loops, wnic ecome interconnected an . .
rele%se energ;r/)to heat plasma and form jets (Yokoyama of the type shown in Figure 10 and plOtS.t.hem
and Shibata, 1996). versus height. In coronal holes, the 1/e velocities of

O°* begin to rise above HI at ~1R, suggestive of

ion-cyclotron wave heating. This difference appar-
vye for OVI 1037 at 2.1Rg would have a tempera-ently continues to grow with increasing height, and
ture of 2.3x 10° K, which is much larger than thethere is a strong mass-to-charge dependence of tem-
freezing-in temperature measured by the Solar Wipérature in the solar wind. In streamers, the behav-
lon Composition Spectrometer (SWICS) on Ulyssaer of HI and G" is completely different, and the
If this higher temperature were interpreted as the lib&e velocities become equal only at R§ Again,
width in the radial direction, it would also be so brodgblar Probe will be in the right place to collect data
that no Doppler dimming would be observed (Coxin this phenomenon.

2300 h (1218) 20 (1218). + 0 ]
= Fit, y'= 2.0 — = 100., +T
2000 = = V,,= 230. a) ] 2000F | ;" b)
w FITIT Y [ n + it
RN il {1 5 1s00f
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Figure 10. HI Lya profiles for the south polar coronal hole at 3.0 Rg observed on 11 May 1996 from SOHO/UVCS.
Computer fits for a single Gaussian plus a constant (b) and three Gaussians plus a constant (a) are shown. The
narrow component corresponds to a kinetic temperature of O[108] K (v;,, ~ 130 km/s). The broad component
corresponds to v;,, ~ 240 km/s and includes the effects of both thermal and nonthermal motions (Kohl et al., 1997).
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5,:.:|I ........ T Ry W raT ey O Py T THN T LSO ST these processes Streamers and Coronal hOleS present

| —oemel b . radically different conditions, which is undoubtedly
400 y | the reason they produce slow wind (and possibly
; | some fast wind in filamentary structures embedded
T a0 | in streamers), the reason they are the location where
E | CMEs occur, and therefore the reason they are an
:f; i important Solar Probe objective.

As a consequence of Yohkoh and SOHO observa-
tions, the ambient conditions in streamers are far
better known than they were just 5 years ago. The
plasma density and electron temperalyi@ut prob-
ably not proton and ion temperatures) are higher than
Figure 11. Line widths as a function of height for H and in coronal holes at similar heights. UVCS results
O, showing the divergence above 1.6 R in coronal holes.  imply that proton temperaturg, ~ T, in streamers
This divergence requires the waves producing the and that the temperature varies only weakly with
perpendicular temperature to be driven at these heights  height. The plasma contained in closed magnetic field
(Habbal, private communication). regions should be roughly in hydrostatic equilibrium,
with all energy inputs and outputs in balance. This
implies that radiative losses may be important. If
energetic particles are accelerated near or in the chro-
mospheric network, they may remain trapped for
relatively long periods in closed magnetic field
regions.

What we know of coronal hole flow as a
consequence of SOHO and other remote
observations:

* Flow at 4 to 1(Rs is highly variable.

« Flow at 4 to 1(Rs is highly filamented. Dynamic motions in streamers present a more diffi-

* Perpendicular kinetic temperatures are large a?tat observational problem. Figure 12 shows a C.ME
vary from ion species to ion species. 0 served by LASCO. This corkscrew-shaped ejec-

tion moved at a few hundred kilometers per second

between 2 andBs and was several times more dense

than the ambient. It is suspected that the magnetic

* How does the variable, filamented flow beconteeld and the plasma were equally contorted in this
the uniform flow (in speed) that we see in thienage, although this can only be inferred. The mor-
solar wind? phology will be especially difficult to understand at

« What causes the high perpendicular kinet§®lar maximum, during the first Solar Probe perihe-
temperature, and what is its relation to ion heatiign passage, when CMEs like this are common.
in coronal holes and streamers? There will also be contributions from shocks up-

. At what height and how does heating occur? stream of CMEs and from flares to the energetic par-

ticle populations. However, combining vector mag-
netic field measurements with particle measurements
and tomographic imaging would give a powerful tool
for resolving the ambiguities.

What needs to be answered with Solar Probe:

2.4 Remote Sensing of the Corona and
Photosphere—Slow Wind, Streamers, and
the Solar Probe

The principal origin of slow wind is believed to b&he elemental composition in streamers is expected
streamers, as described in Section 2.1. Slow witadoe a particularly important diagnostic tool for slow
may be stripped off the flanks of streamers, may leaind origins and for determining the physics of
out of the tops of streamers, may be released dtgeamer confinement. This possibility is already
reconnection of magnetic field lines at the base sifggested by the charge-state and freezing-in tem-
streamers, or may result from some combinationpdrature differences in the slow wind illustrated in
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important to understand whether this result is typi-
cal of streamers or whether it is true only near the
tops of streamers.

If B > 1 throughout streamers, then the magnetic field
in surrounding coronal holes must provide the main
confinement force. Converselygf< 1 everywhere
except near the tops of streamers, the curvature force
of the streamer magnetic field can provide the main
confinement, and leakage of slow wind from inside
streamers is less likely. Solar Probe will answer this
guestion by measuring composition and bulk plasma
properties at the tops of streamers and determining
in situ magnetic field to give the local value pf
across the top of the streamer and in the adjacent
quiet corona and open field regions.

What we know of streamers and slow wind
origins as a consequence of SOHO and other

Figure 12. Corkscrew CME observed on 21 August 1996 b . .
with the SOHO/LASCO C2. Such CMEs occur several remote observations:

times per day near solar maximum. « Elemental abundances vary across streamers.

* Temperatures are more isotropic in streamers
than in coronal holes.

Figure 3. Raymond et al. (1998) used SOHO/UVCS
to measure the composition in streamers; they re-
ported that gravitational settling produces an overall
depletlo_n of hgavy elements at Iarge h_e|ghts What needs to be answered with Solar Probe:
closed-field regions and that this settling is greater

in the core of streamers than on the flanks. They How do proton and electron heating and
showed that if the legs were static, the abundance temperature vary?

would be less than in the central part of the streamer. How does slow wind escape from streamers?
Singe the opposite is the case, streamer legs are,no{yhat are the energetic particle populations,
st_atlc and are therefore the probable source of Slowwave—particle interactions, and trapping
wind. They speculated that the enhancement of heavyefficiency?

elements in streamer legs results from some form of

r_nixing that refreshes the mate_rial in the legs OB 5o/ar Probe in Context
time scale of 1 day or less. This, and all other sug-

gested processes for release, ejection, or evapéigure 13 shows a model prediction for the appear-
tion of slow wind from streamers, would be reflectence of the corona during the February 1998 total

in the details of gravitational settling and, as a cosplar eclipse with the Solar Probe orbit overlaid for
sequence, the composition. comparison. The model suggests that Solar Probe

will pass through the corona just at the tops of closed
To determine how slow wind is produced, we nedabps in streamers. Otherwise Solar Probe will be
to understand streamer confinement. Confinememt open field lines unless it encounters a CME. The
depends on the bulk plasma properties and magnkteal geometry of the magnetic field and the ambi-
fields, both in streamers and in surrounding cororait plasma properties should show if a CME is en-
holes. A recent empirical result is tigat 1 above countered. Trapped particles should be absent on
~1.2Rs in one streamer (Li et al., 1998). It will bepen field lines. At the tops of streamers the flow

Flow speeds are less above streamers than in
coronal holes.
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[T sub-Alfvenic inside ~1(Rs and therefore Alfvén
-8 selar rudil waves will propagate both inward and outward rela-
Y tive to the Sun. This flow pattern affects the energy
& balance and is an important reason for Solar Probe’s
perihelion to be inside 1R,

Solar Probén situmeasurements will sample only a
small volume of plasma. To correlate these measure-
ments with ambient structures, white-light measure-
ments of the corona are planned. The steadily vary-
ing perspective of wide-field images taken
throughout the encounter will allow reconstruction
of global structures. The objectives are to create a
3-dimensional image of these structures and to probe
filamentary structures (Figure 7) with unprecedented
resolution. At the same time, of course, the mission
will obtain the first view of the longitudinal struc-
ture of the corona from over the solar poles. Solar
Probe will make images and, by differencing and
tomography, provide the context for what it encoun-
ters. Solar Probe will also fly through streamers,
where remote imaging is extremely limited by line-
of-sight effects. Anticipating what we will observe
Figure 1_3. _Prediction of the white light corona and corpnal there is difficult, but the high spatial resolution, com-
magnetic field for the 26 February 1998 total solar eclipse  yin e with the ability to gain perspective with a rap-
(J. Linker and Z. Mikic, private communication). . . L . .
Photospheric magnetic field data from Carrington I(_jly changing ‘_"eW'”_g angle, will e,nable determma_'
rotations 1931-1932 (January 18—February 12, 199g) tion of the 3-dimensional properties of streamers in
from the National Solar Observatory were used as a detail far beyond what is possible from 1 AU.
boundary condition. Superimposed is the Solar Probe

trajectory. According to this model, Solar Probe will be A Solar Probe photospheric imager can analyze the
just at the tops of closed loops. dynamics of small magnetic flux elements in the
photosphere and provide information for determin-
ing the context of Solar Probe global coronal mea-
surements. One of the most important observations

speed will be subsonic, giving probably the oni§ to provide a proper boundary condition for the

chance Solar Probe will have to sample subso@igbal field used in model predictions and analyses
wind. such as that shown in Figure 13. The polar field is

extremely difficult to measure from the ecliptic plane
Conversely, in coronal holes (outside plumes) thecause it is being viewed at a very shallow angle.
average bulk properties lie within reasonably welbolar Probe will look directly down on the poles.
defined bounds. Figure 14 shows coronal hole prdfie observations also will allow helioseismological
erties derived empirically or from one-, two-, andnalysis of measured Doppler velocities. Such analy-
multifluid models. The flow speeds are essentialyys can confirm some of the SOHO/Michelson Dop-
like those shown in Figure 6. On the basis of SOHier Imager’s (MDI’s) most important discoveries
results, the models assume that, in coronal holasput the solar interior, including (1) whether the
Te < T, (and less than the temperatures of heavietation rate at higher latitudes is 10-20% lower than
ions) and that the temperatures are strongly anis@s expected before MDI; (2) whether there is a polar
tropic. These properties depend on how plasmavistex; (3) whether small- and large-scale magnetic
being heated. Physically, the flow speed felds onthe Sun are rooted at different depths in the
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Figure 14. Parameters of the initial solar wind inferred from model calculations and remote sensing of coronal holes.
In the left panel, the speeds of protons (filled triangles) and of oxygen (open circles) are from SOHO/UVCS
measurements (Kohl et al, 1997), as are the effective temperatures for the indicated ions in the right panel. The
observations show that fast solar wind is still being accelerated and is slower than its ~750 km/s terminal speed at 4
Rg. Also, the effective temperature of heavy ions (Mg and O) is greater than that of protons.

convection zone; (4) whether surface and subsurfaceThe polar regions of the Sun have different
meridional flows are as high as estimated with MDI; rotational and magnetic field properties from the
and, finally, (5) what the magnitude and distribution equator.
of polar magnetic flux are. The magnitude has vari-

ously been estimated between 2 and 20 G, varying
between co$ and co&6 (whered = colatitude) in
independent measurements.

The possible concentration of magnetic flux at the
poles of the Sun may be related to the “polar vortex”
shown in Figure 15. MDI measurements of the polar
regions, which are limited in resolution because of
the oblique observing angle, indicate a circumpole
jet stream within 150f the pole. The jet is believed
to be relatively shallow, extending only to ~20,000 kn
below the visible surface. There are weaker indice
tions that the polar vortex extends to the bottom o.
the convection zone.

What we know of the coronal context as a
consequence of SOHO and other remote
observations:

* There is unresolved filamentary flow in coronal

holes. Figure 15. The Sun rotates much faster at the equator
« Streamers extend well beyon&4with subsonic than at the poles. However, SOHO/MDI has revealed belts
where there are differential flows. In particular, there is a
flow at the tops. « n - -
) vortex,” shown here in deep blue, situated over each pole
» Coronal hole boundaries are extremely sharp(Schou et al, 1998).
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What needs to be answered with Solar Probe: and fast wind source regions. Measurements are
needed of the vector magnetic field and of the
electron and proton velocity, density, and parallel
and perpendicular temperature at sufficiently
high time resolution to resolve the finest expected

* What are the absolute value and variability of
flow at streamer tops?

e What is the minimum scale of coronal hole

filamentary structure? scales (~100 km at the photosphere). lon
« What is the relationship between coronal hole composition is needed at least for He, O, Si, and
boundaries and the magnetic field? Fe for comparison with the observations from
« What are the relationships among solar rotation, Ulysses and SOHO. Plasma wave measurements
polar magnetic field, and coronal holes? will be necessary to resolve the wave modes,
directions of propagation, any nonlinear effects,
2.6 Synopsis and forms of particle heating. Energetic particle

: measurements will be needed to determine

Solar Probe addresses the many, sometimes contra- . :
. . . sources and trapping mechanisms, as well as to
dictory, ideas about the source of the solar wind and, ;

by extrapolation, of stellar winds. Solar Probe will infer from their measured properties the physical

. ) conditions of the plasma and magnetic fields in
resolve the questions about extended heating versus, regions where they are accelerated and

basal heatlng3 for exam_ple; about waves Versus_through which they propagate. The suggested
pulsed solar wind versus jets versus particle beams;.

about mixing of the fast solar wind with embedded mstrgments and their properties meet these
. _ requirements.

filamentary structures; about temperatures and tem-

perature anisotropies of heavy elements; and abeutLocate the source and trace the flow of energy
MHD wave and plasma wave roles. Data from Solar that heats the corona.

Probe will answer many of the questions raised by \1aasurements fromRs out to at least 3Bs are
these ideas—ideas arising from missions sponsored,aaded to explain the relationship and large

by NASA, the European Space Agency (ESA), and gigterences known to exist between coronal and
Japan’s Institute of Space and Astronautical Science ¢4 wind properties. Heating is a function of

(ISAS), as well as from a long history of ground-  gjght and ambient properties, which can only

based observations of the Sun. be resolved physically with a knowledge of radial

As noted in Section 3, the Solar Probe Science Defi- evolution.

nition Team was charged with defining and categb- Construct the 3-dimensional coronal density
rizing the prime scientific objectives for the mission. configuration from pole to pole, and determine
Listed below are the primary (category A) and sec- the subsurface flow pattern, the structure of the
ondary (category B/C) science questions addressedP0lar magnetic field, and its relationship with
by Solar Probe, along with synopses of how the mis- the overlying corona.

sion answers each question. Imaging of the surrounding corona as Solar Probe
passes from pole to pole, in combination vinth

How Solar Probe answers the primary science situ measurements of the bulk plasma, will

questions (category A questions): produce contextual images of the corona and the

« Determine the acceleration processes and find first polar view of the equatorial corona. Our
the source regions of fast and slow solar wind at Understanding of streamer morphology also will
maximum and minimum solar activity. be enormously improved. Photospheric imaging
Using two passes through the corona—at from a polar perspective will cpnflrm or reject
maximum and minimum solar activity and at the the proposed polar solar rotathn vortex .an'd a
height of streamer tops and heating and (possibly associated) polar peak in magnetic field
momentum deposition in coronal holes—Solar strength.

Probe will make the measurements needed tor Identify the acceleration mechanisms and locate
analysis of the physics of acceleration in the slow the source regions of energetic particles, and

17



determine the role of plasma waves and being recorded now by SOHO, ACE, Wind, and
turbulence in the production of solar wind and Ulysses and taken over the past decades may
energetic particles. contain unexpected and useful information if

Energetic particle measurements will be made Placed in the context df situ and imaging
in combination with vector magnetic field Measurements from Solar Probe.
measurements to define regions of local partiecle Determine the role of X-ray microflares in the
trapping and photospheric origin of particles. dynamics of the corona.

Analysis of energetic particle data will be used X-ray microflares occur in the chromospheric
to remotely probe and characterize the plasma network as magnetic bipoles advected into the
and magnetic structure. High-time-resolution npetwork from supergranule interiors. The
plasma measurements necessary for deﬁning thephotospheric |mag|ng experiment may he|p to
limits of filamentation in coronal holes will also  getermine whether X-ray microflares are the
enable definition of the eVOIVing field of MHD source of some coronal jets_ The energetic
turbulence with increasing heliocentric distance. particle instrument may detect related particle
acceleration.

How Solar Probe answers the secondary * Probe nuclear processes near the solar surface
science questions (category B and C from measurements of solar gamma rays and
questions): slow neutrons

Investigate dust rings and particulates in the The addition of a gamma-ray and slow neutron
near-Sun environment. detector would enable the determination of
Dust and particulates accumulate near the Sun sources in the photosphere that are associated
by condensation out of coronal gasses and infall with microflares and other small-scale
from the interplanetary medium. An enhanced photospheric activity.

concentration is expected to exist outsidesd

and Solar Probe is the only proposed mission

capable of demonstrating its existence. Ti8 Instrument Payload Required to

distribution of dust and its composition can baddress Prime Science Objectives
inferred from observation of pickup ions usin

composition of the solar wind. The impact gzharged with defining the prime scientific objectives

large dust grains can be recorded by the plasfﬂéthe Solar_Probe mission and establishing a core
wave instrument. “strawman” instrument payload to address these

Determine the outflow of atoms from the Sun aﬁgjezcitrl]vtehsr.elhcea;ega:)rﬂepsr.lorltlzed the science objec-

their relationship to the solar wind.

Determining the composition of coronal plasma Category A—lIrreducible core objectives to be
is one of Solar Probe’s prime objectives. The fulfilled with the baseline instrument payload

same instrument that measures composition gan Category B—Objectives that would require a
also measure outflow, producing a valuable | i2"enhancement to the core payload

addition to the body of information used © Category G—Objectives that could be addressed

analyze acceleration and heating. ) »
y _ _ ) g with additions to the core payload
Establish the relationship between remote

sensing, near-Earth observations at 1 AU anthe Science Definition Team also identified payload
plasma structures near the Sun. and measurement requirements, including nadir
Remote sensing observations from 1 AU canngewing for the plasma and remote sensing instru-
resolve the fine structure in coronal holes, amgents viewing the solar surface. The core payload
they are limited by line-of-sight effects imequirements were then used for the baseline space-
streamers. Nevertheless, a large body of dataft and mission design.
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3.1 The Prime Scientific Objectives of the payload. Hence the payload must be capable of re-

Solar Probe Mission turning the required measurements while being com-
mensurate with the smallest impact on spacecraft
Category A science objectives: resources. Recent technological innovations in re-

. . ducing instrument mass and power enable such a
* Determine the acceleration processes and find

the source regions of the fast and slow solar wiﬁayload to be identified.
at maximum and minimum solar activity.

* Locate the source and trace the flow of ener ) .
% determine acceleration processes and source re-

that heats the corona. . : .
) _ _gions for fast and slow solar wind at solar minimum
* Construct the 3-dimensional coronal den?'g/nd maximum requires (a) a full suite of plasma state
configuration from pole to pole, and determing o ¢\ ,rements (distribution functions, composition,
the subsurface flow pattern, the structure of t gnetic field, and wave spectra) and (b) remote
polar magnetic field, and its relationship with th§ensing to set the context of thesitumeasurements
overlying corona. both locally and globally. These measurements can
« Identify the acceleration mechanisms and locaje achieved with a Solar Wind Particle and Compo-
the source regions of energetic particles, asiion Spectrometer, an Energetic Particle Composi-
determine the role of plasma waves anmn Spectrometer, a Vector Magnetometer, and a
turbulence in the production of solar wind andlasma Wave Sensor.

energetic particles.

3.3 Measurement Objectives

The Energetic Particle Composition Spectrometer

Category B science objectives: fills in the suprathermal part of the plasma distribu-
« Investigate dust rings and particulates in the netipn functions. In combination with plasma wave
Sun environment measurements, it identifies accelerated particle char-

« Determine the outflow of atoms from the SufcCteristics as diagnostics for plasma turbulence and

. . : ampled by the probe. A Fast Solar Wind lon Detec-
» Establish the relationship between remofe : . i
. : olf resolves ion characteristics on the scale of an ion
sensing, near-Earth observations at 1 AU an : : : . .
gyroperiod, in conjunction with the Plasma Wave
plasma structures near the Sun. . .
Sensors, to examine the role of wave—patrticle effects
in the acceleration (and heating) of the wind. Slow
_ _ _ and fast solar wind regions are sampled by the polar
* Determine the role of X-ray microflares in thérajectory of Solar Probe, while sampling near both
dynamics of the corona. minimum and maximum solar activity periods is
« Probe nuclear processes near the solar surfacbieved by the two perihelion passes separated by
from measurements of solar gamma-rays aabout 5 years.

slow neutrons.

Category C science objectives:

Actually matching upn situmeasurements with dis-
tinct surface features is problematic; however, the
magnetic field beneath the trajectory as well as the
The measurement requirements follow from the stémperature and density structure are required for
ence objectives. The strawman payload was seledetting the context of the wind through which the
on the basis of a combination of measurement peebe is flying. A Visible Magnetograph and Extreme
guirements and mission and spacecraft constraitdfiraviolet (XUV) Imager fulfill these requirements.
The requirements of the thermal environment amtie more local environment through which the probe
the Jupiter gravity assist, as well as the need to isdlying is characterized by an All-Sky, 3-
the smallest launch vehicle consistent with the miBimensional Coronagraph Imager that can identify
sion (to minimize program costs), force severe mdhg larger structures that are being locally sampled
and power constraints on the spacecraft and sciebgedhein situ science instruments.
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Locating the source and flow of energy that heats s®@ence questions that have remained essentially un-
corona requires the same instrument set. Very likethhanged (Feldman et al., 1989).

the acceleration of the solar wind and the heating of , _
the corona are intimately linked. The Vector Magn(?—Olar Probe’s category A measurement objectives can

tometer and Energetic Particle Spectrometer will Iir_mie met with a strawman pay_load _cen5|s_t|ng _Of five
the in situ measurements along the magnetic fielf Situand three remote-sensing miniaturized instru-
back toward the Sun with the regions sampled by {hents. Table 2 lists quantitative details of the mea-

Remote Sensing Package. By looking for remote fé4/€ments required to address the category A sci-
tures that can be linked with situ measurements, €NCe objectives for each instrument. Table 3 lists the

e.g., the heat flux in the various ion distributions, tif@acecraft resources required to accommodate each

connection between photospheric dynamics and cdpstrument. With this configuration, the total mass
nal energetics can be established. and power for the strawman payload are under

19 kg and 16 W, respectively. These numbers do not

Constructing the 3-dimensional density configurH]CIUde allocations for t_he two data processing units
tion from pole to pole, determining the subsurfa¢E@PUs). The system flight computers are expected

flow pattern, and determining the structure of ttj@ Provide the science data processing normally per-
polar magnetic field and its relationship with th{?rmed by the DPUs (see Section 5.3). The data rate

overlying corona require the instruments in the R&t the time of closest approach is over 112 kilobits
mote Sensing Package. per second (kbps), roughly half of which will be

transmitted in real time, with the rest stored onboard

The acceleration mechanisms of energetic partici@s iransmission after the perihelion passages (see
are identified, their source regions are located, an@ction 4.2)-

the role of plasma turbulence in the production ¢}, most economical use of these resources is
solar wind and energetic particles is determined Wifhieved by configuring the instruments into two
the Energetic Particle Composition Spectrometgiryment packages to provide organizational inte-
operating with the Fast Solar Wind lon Detector a@ﬁjation and to reduce programmatic complexity:
Plasma Wave Sensor. (1) theln SituScience Package, consisting of a Vec-
tor Magnetometer, Solar Wind lon Composition and
Electron Spectrometer, Energetic Particles Compo-
3.4 Strawman Payload and Observational sition Spectrometer, Plasma Wave Sensor, and Fast
Approach for the Solar Probe Mission Solar Wind lon Detector; and (2) the Remote Sens-

ing Package, consisting of a Visible Magnetograph

The strawman payload developed by the Solar Prof&jisseismograph, an XUV Imager, and an All-Sky,
Science Definition Team is one conceptual desigipimensional Coronagraph Imager.

that allows Solar Probe to meet all of the category A

science objectives. It represents one possible imglethis strawman payload, sampling techniques are
mentation solution based upon near state-of-the rmentioned only to indicate that at least one possible
engineering capabilities at the concept-design lev@blution exists for science implementation. The ar-
The mass, power, and data-rate allocations do obitecture of the integrated packages is not described.
represent a unique solution; however, they do shve provide a guide showing how investigations could
the types of trade-offs required to assemble a camspond to the science objectives using instruments
plete payload on such a resource-constrained nwgth particular choices of spectral range and resolu-
sion (e.g., Axford et al., 1995; McNultt et al., 1996&pn, sensitivity and dynamic range, field-of-view
Tsurutani et al., 1997). Technology advancesnge and angular resolutions, and time and spatial
especially in electronics miniaturization, suggestsolution. The measurement requirements listed
that payload mass can be reduced by more thaim §able 2 are example parameters for a credible
factor of ~6 from designs of a decade ago to addrpagload.
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Table 2. Strawman instrument payload for Solar Probe: measurement requirements.

Parameter(s) or Sensitivity, Spectral Angular Time or
Strawman Quantity(ies) Dynamic Range, Range, Spatial
Instruments Measured Range Resolution Resolution Resolution
In Situ Science Package
Vector Magne- Vector DC mag- +0.05 nT — — 10 ms
tometer netic field 108 3 km
Solar Wind lon Dist. functions of 105/cm?2s 0.05<E <50 Nadir £20° 1 sfor
Composition dominant charge 20107 keV/e and H, He, e—;
and Electron states of H, He, C, AE/E < 0.07 135°x300° 10s for
Spectrometer O, Ne, Siand Fe; o - heavyions
electrons 10° > 10
Energetic Particle Differential fluxes 10/cm?s srkeV 0.02<E<2 135°x300° 1 sfore—
Composition of H, 3He, 4He, C, 107 MeV/n 20° x o0° DS forH
Spectrometer O, Si, Fe, and e—:0.02-1.0 30sf
electrons MeV s for
heavy ions
AE/E < 0.07
Plasma Wave AC electric and 10-° V/Im 0.05-150 kHz 1ms
Sensor magnetic fields 10-9 nT/Hz Ao = 0.05 — (wave cap)
106 ls
(spectral)
Fast Solar Wind Dist. functions of 108/cm?s 0.02<E <50 90° x 300° 1ms
lon Detector ions 106 keV/e
AE/E <0.07 10°x10°
Remote Sensing Package
Visible Magne- Magnetic field, 10 G 300 3A 1024 arc- 2s
tograph—Helio- line-of-sight ve- 20 m/s 400 visible sec 32 km
seismograph locity field, 1% 400 70 mA 2 arc-sec
intensity
XUV Imager Intensity @ en- 100 ergs/cm2 sr  EUV Band 2560 arc- <1ls
trance aperture 400 providing sec
coronalim- 5 arc-sec
aging, 84
All-Sky, 3-Dimen- White light Signal to noise  400-700 nm  20-180° <1 min
sional Coron- >100, >1000 from
agraph Imager S/C-Sun
line
<1°

The In Situ Science Package:

the magnetic field is diagnostic of the rate of mag-
netic dissipation in regions where reconnection is
Vector MagnetometePrecise and accurate measuréaking place, the structure of current sheets and other
ments of the orientation and intensity of the cororigbes of discontinuities, the properties of helical
magnetic field are essential to the achievement of@lhgnetic structures such as flux ropes, and the propa-
category A science objectives. Knowledge of tlgation characteristics and strength of shock fronts.
large-scale coronal magnetic structure is fundameéiinally, low frequency (<1 Hz) MHD waves must

tal to the modeling and analysis of solar wind flole accurately detected and analyzed to assess their
and energetic particle transport. On shorter scalede in solar wind heating and acceleration.
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Table 3. Strawman instrument payload for Solar Probe: instrument requirements.

Mass* Power* Data Rate

Strawman Instruments (kg) (W) (kbps)

In Situ Science Package
Vector Magnetometer (with boom cables) 0.8 0.5 1.2
Solar Wind lon Composition and Electron 4.4 4.4 15.6

Spectrometer (with mass allowance for
implementing nadir viewing)

Energetic Particle Composition 0.7 0.6 4.8
Spectrometer

Plasma Wave Sensor (with boom cables) 2.5 2.5 9.6

Fast Solar Wind lon Detector 1.0 15 19.2

Data Interface Unit for in situ science 0.3 0.8 —
instruments

Remote Sensing Package

Visible Magnetograph—Helioseismograph 3.0 1.2 30

XUV Imager 3.0 1.2 30

All-Sky, 3-Dimensional Coronagraph 2.8 2.0 2
Imager

Data Interface Unit for Remote Sensing 0.3 0.8 —
Instruments

TOTAL 18.8 155 112.4

*Allocations for the two data processing units are not included.

The large-scale solar magnetic field aR4is ex- measurement requirements. Furthermore, advances
pected to be on the order of 0.1 G. However, consid-sensor and electronics technology should allow
ering the dynamic nature of the corona, the vectbese requirements to be met with a total instrument
magnetometer ought to be able to measure magnetass and power under 1 kg and 1 W, respectively.
fields as great ~0.6 G to provide margin and accomherefore, the vector magnetometer is allocated
modate the unexpected. In addition, the magnetod8 kg and 0.5 W in the Solar Probe strawman pay-
eter must sense perturbations as small 8@Q@o load (including all analog and digital electronics and
fully characterize the power spectrum of waves asdnsor cables). A triggered burst memory, shared and
fluctuations out to a radial distance of ~Rf Fi- coordinated with the fast plasma and plasma wave
nally, the high speed of the spacecraft at perihelianalyzers, is highly desirable for characterizing dy-
(~300 km/s) and the need to analyze thin structuresmic events.
imply a minimum sample rate of at least 10 vectors
per second (i.e., ~1 measurement per 30 km), m&lar Wind lon Composition and Electron Spec-
ing the option for “burst” sample rates of ~100 vetrometer.Observations over the past 6 years, in par-
tors per second highly desirable. ticular with Ulysses, have taught us that the compo-
sition of the solar wind plasma gives us the most
Vector magnetometers that have been used in direct information about the source region of the solar
exploration of the heliosphere and characterizatisind and its characteristics. We have been surprised
of planetary magnetic fields (e.g., on Voyageby recent measurements of highly unusual compo-
Galileo, Ulysses, Mars Global Surveyor, and Cassigijions in the CMEs observed in the slow in-ecliptic
are well suited to the Solar Probe magnetic fieldnd at 1 AU (Gloeckler et al., 1999a), which give
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clues to the complex mix of plasmas originating welocity distributions, which are expected to be broad
both hot and cold regions of the corona and thamd complex in the solar wind acceleration region.
evolution during transit from their source to 1 AU.
Studies of the evolution of the solar wind over di
tances of several astronomical units suggest that

\le anticipate that techniques now in use (e.g., elec-

rg)gtatic deflection, time-of-flight spectrometry, low

mapping back to the source region becomes incr Seray thresho_ld m_easu_rements, etc.) can be com-
éned in a miniaturized instrument to achieve the

ingly uncertain with increasing distance. Even t o : :
begsi/ measurements of the so?ar wind at 1 AU M@easurement objectives listed in Table 2. Because
I

not give us the definitive answer on how the so e fluxes near the Sun are _Iarge, and because mi-
wind is formed croelectronics advances continue to reduce mass and

power requirements, it should be possible to provide
Clearly, to understand solar wind acceleration aadSolar Wind Spectrometer that includes a nadir-
pinpoint the wind’s source region, it is imperative teiewing deflector system meets all thermal con-
characterize the solar wind in, or as close as pesaints within the allocations of mass (4.4 kg) and
sible to, the regions where its acceleration takes plaoawer (4.4 W) listed in Table 3 (cf. Zurbuchen et al.,
To achieve this we must find, for example, the d&998). With some onboard computations, a bit rate
pendence on altitude of fundamental kinetic parawf-15.6 kbps should be adequate for achieving the
eters (bulk speed, temperature, temperature anisetiuired time resolution.
ropy) and non-Maxwellian features for a number of
ion species as well as for electrons. The velocity dEnergetic Particle Composition Spectromet&n-
tributions of a number of key ions as well as elegrgetic particles can be used in two ways on Solar
trons are therefore essential components of the Beobe. First, they can remotely probe the structure
lar Probe measurement requirements to meet the #fsthe solar plasma and magnetic field because of
two category A science objectives. their high mobility. Second, they will provide fun-
eqﬁ@entally improved information about the accel-
ﬁration sites and processes on the Sun. Their energy
nd composition give valuable, unique information

Table 2 summarizes the measurement requirem
for the Solar Wind lon Composition and Electro
Spectrometer. In addition to measuring the distrib@

tion functions of protons and electrons (from whictpheerning the plasma and magnetic field in the re-

key kinetic parameters can be derived), we sho lons where they are accelerated and in the regions

measure the distribution functions of the dominaj ough V\{h'Ch they move to the p0|_nt Of observa-
charge states of He, C, O, Ne, Si, and Fe (for Nn. In this case, the energetic particle instrument

ample), with a time resolution of ~10 s. Charge statEy also be regarded as a remote-sensing detector.

tained. The energy range should be as wide as pQ§: pata from the two Helios spacecraft that came
sible, at the low end to catch the slowest solar wigd cjose as 0.3 AU to the Sun are the only exception.
and at the high end to just overlap the low-energye solar particles interact with the interplanetary
limit of the Energetic Particle Composition Spegnedium through which they have traveled and, con-
trometer. Near perihelion, Solar Probe’s thermgbgyently, the measurements are not a true reflec-
shield obscures the trajectories of particles comiggn of the particle distributions and composition
from the direction of the Sun. This “shadow” Cutgisse to their origin. The basic unanswered questions
into the bulk of possible measurements of the disigf hoy these particles are accelerated and fraction-

bution function of ions. The effect is mitigated somgyeq can be answered onlyibysitu measurements
what by the aberration of solar-wind flow, dependy, a Solar Probe Mission.

ing, in turn, on the wind bulk flow speed (cf., Section

5.4, Fields of View). However, aberration may n@&olar energetic particle events have been subdivided
fully solve the problem. The Science Definition Teamto two main classetmpulsive eventare enriched
has agreed that nadir viewing and a wide field of heavy ions, most prominently in Fe, and most of
view are essential for measurements of the compléte time also ifHe. Gradual eventsesemble more
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closely the photospheric composition, with songyroradii will be easily detected behind the heat
mass and ionization-potential-related bias (e.ghield. The allocation of spacecraft resources in
Reames, 1992, 1997; Reames et al., 1996). Theable 3 is consistent with current developmental
celeration in impulsive events is thought to occur work (McNutt et al., 1996b).

the flare site, with resonant wave absorption being

responsible for the drastitHe enrichment. The PlasmaWave Sensorhe second and fourth category
gradual events are believed to be associated whtscience objectives require the characterization of
CME-driven shocks that are effective up to mudhagnetohydrodynamic and plasma turbulence that
larger distances from the Sun. Close to the Sumay induce plasma heating. Scintillation measure-
angular and energy distributions will be largelinents made through the corona using both natural
free of the interactions with the interplanetary mgources and spacecraft transponders have shown that
dium. Measurements of the composition and andgurbulence in the corona is ubiquitous. However, the
lar and energy distributions of the particles from boftynamical and energetic role of plasma waves in ac-
types of events, along with magnetic field datgelerating and heating the solar wind remain un-
will thus provide the information necessary to detdgnown. To detect MHD waves, other space missions

mine the origin and mechanism of acceleration ah@ve used magnetometers sampling the quasistatic
fractionation. magnetic field. The high field magnitudes and rest

frame velocities predicted for the Solar Probe mis-
The large particle fluxes close to the Sun will resigion, however, mandate that a separate Plasma Wave
in a substantial increase in sensitivity, in particul®ystem be used for these measurements. Electric field
to small impulsive events. The increase in sensitineasurements (to detect electrostatic emissions as-
ity is counterbalanced by the short time of data awciated with particle beams and shock-like struc-
quisition and the fact that large energetic partialeres) are also desirable.

events do not occur continuously. However, there is _
ample evidence that small solar flares, &ne key functional element of the Plasma Wave Sen-

1991; Biesecker et al., 1993). These events very lik6i§nt frequency and dynamic range to detect these
produce energetic particle fluxes below the sensitfyaves. Three axes are vital to determine the wave
ity level of instruments at 1 AU, but they should J&0des involved through polarization analysis and de-
detectable closer to the Sun. Also, during solar malgrmination of the direction of propagation. Nonlin-
mum, impulsive events occur on average at a rat€8f Properties such as phase steepening and com-
2-3 per day on the solar disc (Reames et al. 1ggégge_ssmn should also be detected. These data will
Since Solar Probe will pass perihelion twice, on@&OW Investigators to derive both the resonant par-
during solar maximum and once during solar mirficle populations driving the associated instabilities
mum, we expect to observe several impulsive evefifi the resonant particle populations absorbing the
and a good sample of microflares at distances stigvé energy. Frequencies can be driven into the ki-
stantially smaller than 0.3 AU. The closer to the Sifff1ertz range by Doppler shift, and amplitudes can
that the events are observed, the more useful will'6&¢h ~0.1 G (Moses et al., 1991). A search coil sys-

the observation data in separating interplanetary &M will detect localized fast- and slow-mode shock
fects from local acceleration. waves that also can be Doppler-shifted to large fre-

guencies. All of these objectives require a waveform
To study small solar energetic particle events achpture system. Since wave compression and steep-
equately and to distinguish impulsive events, an Egning has been shown to occur in waves at these fre-
ergetic Particle Composition Spectrometer mugtiencies relative to the ion-cyclotron frequency, com-
be able to measure the energy spectra and angpiassion and phase-steepening should be detected by
distributions of electrons and ions. In addition, tree search coil/loop sensor. Both of these nonlinear
ion sensor must able to separate H, He, CNO, aftects strongly affect wave—particle interactions.
Fe. Separation oHe and*He is highly desirable. To conserve data storage resources, the waveform
Along the entire trajectory, particles with sufficiendata can be coupled to a low-data-rate spectrum
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analyzer for continuous coverage, and it can operateddition to techniques used in more comprehen-
in either a triggered or a prescheduled burst mod&e plasma spectrometers, new lightweight detec-
Whistler waves that may be involved in electron aniis capable of making 3-dimensional distribution
or energetic ion thermalization will occur at highdunction measurements on time scales of $®ave
frequencies. recently been studied (Murphy et al., 1993; Randolph
etal., 1998). These sensors use delta-doping of solid-
A triaxial dipole antenna could be used to detect elegate surfaces to reduce the dead layer of the mate-
trostatic emissions up to the plasma frequency (Whighl allowing direct energy determination of incident
will reach several megahertz at closest approaCh) m_energy solar wind partic|esl This technique
radio emissions beyond. A single-axis system sholninates the need for energy scanning and allows
be adequate for spectral studies and crude wavefgji@atly simplified particle detection. The high fluxes
sampling, while multi-axis systems will enable pgrear the Sun are particularly suitable for the
larization and direction-finding analyses, a capabimall surface areas of these sensors. Other advances
ity especially interesting for bipolar pulse or radig, pixelated solid-state devices could also be used
burst studies. Again, a low-data-rate SpeCtI‘um a%‘Vantageousb/ for p|asma_partic|e and |mag|ng in-
lyzer can be coupled with a high-data-rate, but int&fruments. Active pixel sensing (APS) is a well-
mittent, waveform-sampling capability. The lengtheveloped technology that allows individual pixel in-
of the antenna elements is necessarily limited by mﬂ‘ogaﬂon per readout at very low (m||||Watt) power
available area behind the Sun shield, thus redUCH&Sumption_ A combination of “sparse readout”
sensitivity. The anticipated large amplitudes (potegapabilities (not all pixels are read out) and burst-

tially up to 1 V/m) limit the need for sensitivity buinode operation can be used to achieve efficient use
require a large dynamic range. If the science requigidiownlink capacity.

a larger antenna, however, studies have shown that
the carbon—carbon material used in the thermal shield

(see Section 4) has reasonably high conductivity ange Remote Sensing Package:

could be used for an antenna extending beyond the ¢ . K . | ribut
thermal shield. e remote sensing package primarily contributes

to the second and third Category A science objec-

Fast SolarWind lon Detectolf, as expected, plasmatives- This package identifies _the source of energy
microphysics plays a fundamental role in the ph);g_at hegts th(_a corona. It prowdes data to construct
ics of the corona, then to adequately address the fifldg 3-dimensional magnetic and density structure of
second, and fourth category A science objectives f€ corona that supplies the context for itheitu
quires fast, but more limited, ion measurementsffasurements as they are made.

addition to the ion measurements from the plasma

and particle spectrometers. One of the theories Background for Imaging Requirementsligh-reso-
coronal heating is the damping of the Alfvén/cyclddtion observations in the visible, EUV, and X-ray
tron waves in the solar corona. Such processes tggions of the spectrum allow measurements of the
occur on the time scale of the cyclotron period, whifihe structure of the magnetic field and the density
is ~400 Hz at &Rs. Extreme ion distribution func- structure of the corona that are fundamental to plasma
tions have been inferred from SOHO/UVCS obseand particle acceleration. Lower-resolution observa-
vations. If these inferences are correct, relaxationtohns provide data on the state of the corona during
this “free energy” in the form of wave generatiothe encounter and provide context for the particle
and resonant wave—particle interactions will occ@nd fields measurements. Low-resolution observa-
Again, temporal scales are expected to be as fasii@s with large fields of view also allow tomographic
the proton/ion gyroperiods. Thus, to understand fullgconstructions of the 3-dimensional structure of the
the physical processes of coronal ion heating aterona. In the sections below the most critical mea-
thermalization, measurements of the ion distributiosgrements in different spectral regions are discussed.
coordinated with the Plasma Wave Sensor are k@ particular, Solar Probe’s trajectory allows views
quired on gyrofrequency time scales. of the solar polar magnetic and density structures
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that can be obtained in no other way, as well tmt the resolution at 7atitude approach is 75 km.
spatial resolution not possible from Earth. This choice was made because the mean free path
for photons in the mid-photosphere is between 50
As a strawman disk-imaging design goal, the imagiggd 100 km in the visible. Because Solar Probe
resolution is about 20 km at Rs. This areal gpproaches closer to the Sun as it nears the equator,
resolution is more than an order of magnitude betiffs choice will allow scientists to investigate the
than that of the largest future orbiting solar telescopgstinuum and optically thin structures with even
that have been seriously studied. (The highest spaiigjher resolution over most of the surface. A

frequency passed by a 1-m telescope5800 A is telescope with an angular resolution of 2.27 arc-sec
75 km.) Near the Earth, detection of 20-km structukerequired.

corresponding to 0.028 arc-sec requires a 3.75-m
telescope in the visible. Such a telescope Visible Magnetograph—Helioseismograpf.he
significantly larger than the Hubble Space Telescopeost critical measurements in the visible wave-
At4 (20)Rs, a 5.1 (33) cm telescope is able to detdehgths are, in order of priority, the magnetic field, a
20-km structures at5000 A. proxy for the magnetic field, and the continuum in-
tensity. Although measuring the full vector field is
In the EUV (50-300 A) and soft X-ray (1-20 Afesirable, both measurement complexity and the data
region of the spectrum, the minimum diameters nexte implications make such measurements extremely
quired by diffraction theory for 20-km resolution ardifficult. For the solar polar regions, the magnetic
22.4 (1.48) cm for 300 A (20 A) at the Earth. Afeld is most likely to be clumped in isolated inter-
these short wavelengths the optical quality requirgchnular regions and oriented nearly vertically to the
for diffraction-limited imaging cannot be achievedurface. Thus, Solar Probe instruments will be look-
with any known polishing technique, although boihg almost straight down on the fields, so that the
EUV and X-ray mirrors can be polished to sufficiembngitudinal Zeeman components contain most of the
quality to achieve 2 arc-sec resolution. Such mirrardormation. To measure the longitudinal component
at 4 and 2@Rs can detect 20- and 128-km structuresf the magnetic field requires spectral isolation of a
respectively. portion of a magnetically sensitive line as well as
right- and left-circular polarization analyses. As one
Most of the corona is optically thin, so that an imexample, spectral isolation can be accomplished us-
ager will see the sum of all structures in the line wfg a solid Fabry—Perot (F-P) interferometer, and
sight. Tomographic techniques can be applied to ipmlarization separation can be achieved with a po-
late individual coronal structures. For example, Xarizing beamsplitter and a quarterwave plate.

ray tomography has been attempted using time se- . . .
quyencesgof F\)(oyhkoh data. The results have bedie high speed of the spacecraft along the orbital

interesting, but because the Sun rotates at ab%tth presents two problems for an F-P measurement:

13°/day, the image reconstruction is confused by tHL?“Of_‘ blur and Doppler shift. The required expo-
\Pgre time for a magnetogram measurement is be-

evolution of coronal structures. Near closest a .
proach, at Rs, Solar Probe rotates its perspecti een 200 and 400 ms (from Table 4), so motion
ur is a problem only near closest approach. In the

of the Sun nearly a factor of 40 faster than solar

tation, which is enough to freeze a significant fra[f?plasr r?g'%ns’bthe _s%ectrezl Su'ft IS rtr;]ost slevgtr e. bur-
tion of coronal features for tomographic studies. Ing Sofar Frobess inbound phase, the velocity com-
ponent toward the Sun causes a blue shift of spectral

: o : lines. After closest approach, a similar motion away
Technical Implications of the Solar Probe Orbit forfrorn the Sun causes a red shift.

Disk Imaging.To understand the optical design that

drives disk imaging, it is essential to understand tiie measure the longitudinal Zeeman effect, one wing
conditions imposed by an approximately parabolid a Zeeman-sensitive line must be isolated. This
orbit with closest approach at the solar equategquires a spectral bandpass of 0.1 A. We consider
Table 4 contains properties for the case d®4-Fel 6302 A (Landé g = 2.5) as one example for

closest approach. The Table has been constructechagnetic measurements to illustrate our points. As
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Table 4. Properties of mission with closest approach at 4 Rs, where 0 is the polar orbit angle at
the solar latitude shown. (6 = 0° when Solar Probe is at aphelion near Jupiter’s orbit.)

6=75 ©6=90 6=105 6=120 6=135 6=150 =165 6=180
+75 +90 +75 + 60 +45 +30 +15 +0

Distance (center of Sun  10.8 8.0 6.36 5.33 4.69 4.29 4.07 4
to spacecraft, R;)

Spatial resolution of 75.0 53.6 41.0 33.2 28.2 25.2 23.0 23.5
telescope (km)

Velocity of spacecraft 188. 218. 245. 267. 285. 298. 306. 309.

Property

(km/s)

Time to cross equator 10.2 6.68 4.6 3.2 2.2 1.37 0.663 0
(hours)

Velocity toward Sun 149 154 149 134 109 77.2 40.0 0
(km/s)

Velocity of solar 10.6 19.3 30.6 43.4 56.2 67.2 74.6 77.2
surface* (km/s)

Spacecraft rotation 3.14 5.72 9.06 12.9 16.7 19.9 221 22.9

rate** (deg/hour)

Time to move pixel (s) 3.54 1.39 0671 0.382 0.251 0.187 0.158 0.149
(i.e., 1/2 resolution

element)
Number of pixels in 15° 5811 7835 9940 11967 13731 15042 15742 —
interval
Wavelength shift (A at 3.13 3.24 3.13 2.81 2.29 1.62 0.839 0
6302 A)
Tilt angle to 2.71 2.76 2.71 2.57 2.32 1.95 1.4 0

compensate for
wavelength shift.
(degrees at 6302 A)

* Calculated as the velocity of the point on the solar surface that is on the line connecting the
center of the Sun and the spacecratft.

** Calculated as though Solar Probe always pointed along the Sun center line

the spacecraft encounters the Sun, the radial veloaitgchanically, a range of 8 probably sufficient to
component increases as the spacecraft approaduossr both the velocity shift and the temperature shift
90° solar latitude, and then decreases to zer@ atobthe etalon, because of changes in the temperature
latitude. From Table 4, the wavelength shift &80 of the experiment section of the spacecraft. An
3.24 A. When an F-P interferometer is tilted, it shifeccuracy of 50 arc-sec (216 steps) is sufficient to set
its transmission peaks toward the blue in proportitme wavelength to 0.05 A. An electro-optically tuned
to the square of the tilt angle. Assuming that the FP interferometer could also be used.

is at the design wavelength of about 6300 A at normal

incidence and has a solid spacer with index 1.5, alfila single F-P interferometer is used, it probably
of 2.76 is required to shift 3.24 A. (This assumesould have a free spectral range (FSR) of 2 A (a
that magnetograms are made only on the inwdittksse of 20), which is too narrow to be isolated
portion of the encounter.) If tuning is accomplisheglith an interference filter. However, a pair of solid
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etalons with thickness ratios of 3 to 4 would have &na good proxy indicator for the locations of mag-
FSR of 8 A. All etalons made of the same materiaétic field.
have the same wavelength shift with angle. There-
fore, the pair of etalons can be bonded togetherTioe best ground-based images in the G band show
form a single double etalon filter (DEF). DEFs wergructures of 100 km. The corresponding magnetic
built during the development phase of the tdle- features are always larger. There are several reasons
scopes for Skylab and worked very well. A 0.1-for the difference in size, but the largest contribution
DEF could be effectively blocked by an all-depose the size increase is “seeing blur.” For Solar
ited 5-A thin-film interference filter. The blocker ha®robe, it would be extremely interesting to know the
a temperature sensitivity of about 0.2@/and will difference between the sizes of structures seen and,
not require temperature control if the temperatureaifthe same time, to map the magnetic field. Well-
the spacecraft payload bay is controlledt&8C. exposed diffraction-limited G-band images can be
If the temperature is not controlled to that leveade with a 12-A filter in an exposure time of 10 ms.
temperature control or tilt adjustment can be usedTlious a simple imaging system using a fast frame
compensate. transfer device can make images without use of a
shutter and without problems from image motion blur.
The proper wavelength setting can be determined by
scanning the DEF through its full tuning range. ThK®UV Imager. Here XUV refers to the spectral re-
task is somewhat complicated because the spacegiait between 61 and 304 A. From Table 4, we see
is moving rapidly across the solar surface. By adttat to achieve 20-km spatial resolution at the solar
ing all the pixels in the image together, however,atjuator, a 2 arc-sec (0.315 arc-sec) angular resolu-
should be possible to make a mean spectral scan saifttelescope is required (for these two wavelengths).
ficient to establish the proper set point for the DEF.the telescope is diffraction limited, a diameter of
This technique has been used on the ground to&&t4 cm will suffice. In the XUV, the regions emit-
the wavelength of tunable filters. It is also used ding light are optically thin, so in principle, arbitrarily
the SOHO/MDI experiment to set the wavelength fife structures can be observed. The desired mea-
the MDI 0.05-A filter. surements are the topology, density, temperature, and
velocity of the coronal structures. In the XUV, only
If spacecraft resource constraints prevent a dirfegeting rocket flights have captured images of 1 arc-
magnetic measurement, images in the CH bandhseed quality. The Transition Region and Coronal Ex-
(~4300 A), the G band, supply the next-best indicalorer (TRACE) produces time sequences with 1 arc-
tor of the magnetic field locations. The bandheadsec resolution. These data reveal that most of the
sensitive to the local heating in the flux tubes, agdronal structures are at or below the resolution of
thus the intensity is a proxy indicator of magnetitRACE, strongly suggesting that there is much fine
field. The clustering of these temperature-sensitistructure in the corona. Very high resolution obser-
molecular lines near bandheads provides two advsations of the transition region and coronal struc-
tages over a magnetograph: (a) a relatively lowéures are a high priority for meeting Solar Probe’s
resolution filter can isolate this spectral feature, anecond category A science objective.
(b) required exposure times are significantly less (see
Section 3.3.2 of Axford et al., 1995). Unfortunatelyll-Sky, 3-Dimensional Coronagraph Imagethe
when flux tubes exceed 300 km in diameter the Gi-sky coronagraph imager on Solar Probe will im-
bandhead no longer brightens, so that local increaage the ambient and surrounding corona in white
in G-band intensity do not indicate all the magnetight. The extended structure of the white-light co-
field locations. However, nearly all of the small brightona is visible from the ground only during solar
points in the G band are coincident with compaetlipses. In space, an artificial eclipse can be pro-
magnetic structures. Because the poles are far agaged with techniques implemented on several or-
from any active regions, it is reasonable to assubiigng coronagraphs. Rejecting the solar radiation
that virtually all of the magnetic field is in the fornmakes the white-light corona readily accessible. The
of small flux tubes, and, hence, that a G-band imaghite-light corona is generated from Thomson
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scattering of photospheric radiation by ambient uAdditions to achieve secondary science
bound coronal electrons. After appropriately accoumjectives:
ing for geometrical factors and the variation of tI'11_3nhancing the measurement capabilities of the straw-

ambient solar radiation along the line of sight, t an instruments to address some or all category B
image of the white-light corona reflects the integrg

of the electron density along the line of sight. The d C science objectives (in addition to category A

fact the [i ¢ sight int |10 be h Eience objectives) is highly desirable, but only
ac orr]::, ((:jatuse de llnet-o -S|g| o tigral 0 ef tr(]eav ithout increases to required spacecraft resources
weignted toward electrons along th€ plane ot tne S, ) o 3). For example, dust impacts on the Plasma
Panoramic images of the solar corona are avail

ve Sensor antennas provide impulsive signatures
frof” S.OHO./ LASCO.(Brueck.ner.et al, .1998)' The fiat can be interpreted to provide information on the
white-light images, in combination with the XU

impacting particles (e.gTsintikidis et al., 1995) (a

images, permit study of the solar corona from ﬂaﬁte L .
) ) gory B objective). Another category B objec-
edge of the solar disk to 3&. The SOHO Imagestive—establishing the relationship between plasma

clearly show that the corona i.s r(_)oted in the gloh Luctures at the Sun and remote measurements from
structures of the solar magnetic field and that m fe Earth—follows naturally from a synthesis of

rial is being continuously injected from the underl)goIar Probe measurements and measurements

Ing solar structures. of opportunity made by satellites that are near the

Deriving the 3-di ional struct f the st Earth during Solar Probe’s perihelion passages.
€riving the s-dimensionaj structure oTthe s reamlgfnally, the spatial extent and compositional nature

.belt from single-viewpoint, Whit.e.'”ght coronagraplaf the dust environment near the Sun (another cat-
Images has proven FO be a difficult task._ With tni%ory B objective) can be determined using mea-
assumption (?f a s.tatlc corona, splar rotation can ements of extended inner source (EIS) pickup ions
used to provide different viewpoints. However, thc?ri

| density distribution q . i ginating from atoms released from dust grains
coronal density distribution 1S Undergoing Contintes e cjer and Geiss, 1998). The orbit of Solar Probe
ous change, which gives rise to substantial unci

I+ . _— .
. . ) ‘IS Ideal for probing the dust distribution near the Sun
tainty in these reconstructions. A comprehensnd X g

field-of-view white-light coronagraph onboard S _@lng these EIS pickup ions, which can be measured

S Quith the Solar Wind lon Composition and Electron
lar Probe could provide images of the solar Corogﬁectrometer

from many different viewpoints along the trajectory
within a relatively short time. For example, the po-

Iqr trajectory of the satellite will permit the Ion.gitu-4. Reference Mission

dinal structure of the streamer belt to be directly

observed simultaneously in its entirety for the firstNote: Because the mission design is still evolving,
time. Such a reconstruction is critically important iBections 4—7 represent the mission status as of Janu-
establishing the context for measurements madedsy 29, 1999.)

the onboard particle instruments.
A unique feature of the Solar Probe spacecratft is the

An all-sky imager with 1 resolution and a photo-large but low-mass carbon—carbon parabolic heat
metric accuracy of 0.5% with images taken eveshpield to provide thermal protection for the payload
few degrees will allow a high-quality density recorand spacecraft. This heat shield also serves as the
struction to be obtained. Due to the large variatibigh-gain antenna (HGA) to provide a low-mass,
in the scene brightness, the detector must haveompact spacecraft with high downlink capability.
dynamic range of >1000. Depending on the detail€He shield has undergone extensive development and
design, multiple exposures may be needed to ptesting. In particular, tests of the carbon—carbon heat
vide high signal-to-noise coverage of the complestield material show a mass loss rate far below the
scene. To avoid blurring of the images due to spaSslar Probe requirement that losses not contaminate
craft motion and other effects, the exposure timgfe scientific measurements. Nadir viewing for the
should be limited to less than 1 minute. visible and XUV imagers is achieved by means of
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carbon—carbon tubes that penetrate the heat shoddgest approach and end 10 days after perihelion
and spacecraft bus to limit the solar flux reaching thassage (Figure 17). During this 20-day period, the
detectors. In addition, the proposed baseline missioner heliosphere (<~0.5 AU) and the corona will be
with two perihelion passes uses an advanced radibservedn situ, at distances <~0.3 AU for the first
isotope power source (ARPS). An ARPS is currentiyne. Helioseismology observations begin 4 days
defined as part of the baseline for each of the otlf@r2 AU) before closest approach. The most intense
two missions in the Outer Solar System/Solar Probleservation by all instruments takes place in the
Program, Europa Orbiter and Pluto—Kuiper Expressday period at distances of <R from the Sun.
During this period, Solar Probe will make high-time-
Solar Probe will be launched by a Delta Ill/Star 48solutionjn situmeasurements in the inner corona;
in February 2007 on a direct trajectory to Jupiter kigh-spatial-resolution observations of the solar sur-
minimize flight time (Figure 16). A Jupiter gravityface from pole to equator to pole; and 3-dimensional

assist places Solar Probe in a highly elliptical polpictures of the solar corona as the spacecraft flies
orbit around the Sun. Solar Probe’s closest appro@gfough it.

at 4Rg takes place in late 2010, with the orbital plane

perpendi_cular t_o the Solgr Probe—Earth line (quad;g—l' Mission Timeline

ture). This design permits dual use of the parabolic

heat shield as the HGA. The first solar encountefe reference Solar Probe mission starts with launch

takes place during a period of maximum solar dtom the Eastern Test Range at Cape Canaveral,

tivity, precluding observations of the less complFlorida, on February 15, 2007 on a Delta Ill launch

cated Sun at solar minimum. Consequently, a s¥ghicle augmented by a Star 48V upper stage. The

ond perihelion pass will take place early in 2015, igterplanetary trajectory takes the spacecraft first to

solar minimum. Again, closest approach is &4 Jupiter, for a gravity assist, and then on to the Sun.

although forcing of the quadrature geometry is nbhe flight takes about 3.7 years to perihelion 1 and

yet guaranteed for the second pass. 8.1 years to perihelion 2. Figure lkustrates the
interplanetary trajectory to the first perihelion.

For each of the two passes, encounter measureméatde 5 summarizes the major events of the reference
by thein situ instruments start 10 days beforsission.

EARTH at PERIHELION
/ (at Quadratura)

&
JUPITER GRAVITY
ASSIST FLYBY
PERHELION (4Rs) June 25 2008
Qct 10 2010
ﬂ LJ

-—--iﬁﬂd}-—'

4

LAUNCH
February 2007

Cq= 108.7 ke 2/ sec?

Figure 16. Interplanetary trajectory to perihelion 1.
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Figure 17. Perihelion 1 trajectory as seen from the Earth.

Table 5. Event summary for the reference Solar Probe mission, incorporating a Jupiter

gravity assist (JGA).

PHASE

DESCRIPTION

EVENT MARKER

Launch

Cruise 1
JGA
Cruise 2

Start P1 primary mission

Critical science data
acquisition

End P1 primary mission

Cruise 3

Start P2 primary mission

Critical science data
acquisition

End P2 primary mission

EOM

Launch (L) and
interplanetary injection

Earth-to-Jupiter cruise
Jupiter gravity assist

Jupiter to perihelion 1
(P1) cruise

Begin primary science
data acquisition for P1

Critical science data
acquisition for P1

End primary science data
acquisition for P1

Cruise from P1 to P2

Begin primary science
data acquisition for P2

Critical science data
acquisition for P2

End primary science data
acquisition for P2

End of mission

15 Feb 2007

L + 30 days to JGA — 90 days
25 Jun 2008
JGA + 74 days to P — 30 days

P1 - 10 days (0.5 AU)

P1 +1day (20 Rs)
(Perihelion 1: 10 Oct 2010)

P1 + 10 days (0.5 AU)

P1 + 30 days to P2 — 30 days
P2 — 10 days (0.5 AU)

P2 +1day (20 Rs)
(Perihelion 2: 15 Jan 2015)
P2 + 10 days (0.5 AU)

P2 + 30 days
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The gravity assist flyby at Jupiter (10.5 Jovian radBiecause the thermal shield/HGA is fixed, there is a
(Ry, retrograde southern target) rotates the traje@eriod during the incoming trajectory to perihelion 1
tory upward to a 90ecliptic inclination and slows (P1) when it cannot point toward Earth and still
the heliospheric speed of the Solar Probe so thanaintain the necessary shield pointing for thermal
falls back toward the Sun for the first of two periheontrol. This period is expected to occur from P1
lion encounters at BRs. Quadrature geometry (90 minus 10 to P1 minus 6 days. During this interval,
Sun-spacecraft-Earth angle) exists at the first pesihen real-time downlink to Earth cannot take place,
helion to allow real-time communications using thadata will be recorded. The data will be replayed after
spacecraft antenna/shield configuration. perihelion minus 6 days but before the perihelion pass.

In situ and remote sensing observations of the q@-the reference mission design, quadrature condi-
rona and the Sun are planned. About 10 days pkighs are not enforced for perihelion 2. However,

to perihelion (0.5 AU), periodic high-rate (~50 kbpsyuadrature during the second perihelion pass will be
I’ea|-'[lme telemetry begInS. Plasma ObservaUO@@aluated |ater in the project ||fe Cycle_

begin 10 days prior to perihelion and continue
through to perihelion plus 10 days. Remote sensing

observations (imaging) to investigate helioseismg- Spacecraft System Design and

and continue until perihelion plus 4 days (®&§).

The end of the primary observation phase for each _
of the two perihelia occurs about 10 days paatl- System Overview

perihelion. The flight system for the reference mission consists

e Al , propulsion subsystem, aft instrument boom,
played back after the end of the critical data acquigiy the kick-stage rocket motor. Several views of

tion period (Figure 17). For the second periheliqﬂe spacecraft are shown in Figure 19. Figure 20 is a

pass, a real-time link will be evaluated later in th&,tional block diagram showing the major hard-
project life cycle. ware elements.

Integrating the science payload into the engineering
4.2. Solar Probe Encounter Geometry system is a key challenge for Solar Probe. Special

The Solar Probe trajectory uses a northern approg(c)HS'deratlon must be given to the thermal constraints

) : nd communication requirements in order to allow
to the Sun, reaching a speed in excess of 300 km/3 aq . : 9 .
m?mmum science return for minimum mass and

ge”:‘f}i}?nnétlr'slzeﬁggfsln a pole-to-pole passagepoower. To achieve this, an integrated team will need

bp y ' to determine how functional elements should be dis-

As noted in Section 4.1, the time of the first per‘i[.'bme.CI the between the science payloz_;ld and the en-
eering system. Concurrent engineering and team-

helion is chosen to allow ratur metry t 2 . : :
elion is chosen to allow quadrature geometry r%gk within the project will be required to ensure

assures a high-rate data link to Earth through tq%at the science objectives are met within the resource
dual-purpose thermal shield/HGA of the spacecralt. . Jectiv
constraints of the mission.

Images of the Sun as seen from the spacecratft at vari-

ous times during approach for a field of view (FOV, 2 Thermal
of 3C° are illustrated in Figure 18. The location of ="
the Earth relative to the trajectory allows Earth viewhe thermal shield/HGA subsystem is the basis
ing of the perihelion longitude just prior to spacder the thermal control, operability, and survival of
craft overflight. Solar Probe in the near-Sun environment. With the
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FOV = 30° FOV = 30° FOV = 30°
Time = - 20 hrs, Time = - 16 hrs, Time = - 12 hrs,
Range = 18 Rs Range = 15 Rs Range = 12 Rs

FOV = 307 FOV = 30° FOV = 30"
Time = - 8 hrs. Time = - 4 hrs, Time = - 0 hrs,
Range =9 Rs Range =59 Rs Range =4 Rs

Figure 18 . Typical incoming approach perspective.

Figure 19. The Solar Probe spacecratft.
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Figure 20. Functional block diagram of the Solar Probe.

current thermal design, the spacecraft bus comjpastruments is 28 W. This maximum thermal dissi-
nents can operate within reasonable temperatpegion includes all solar heat absorbed by the instru-
ranges independent of distance to the Sun. ment directly or through the light baffles in the HGA,

in addition to the electrical power thermal dissipa-

The spacecraft thermal design is capable of majj;, For the aft instrument boom, the maximum
taining the propulsion system within a*€5to +50C power dissipation is limited to the maximum heat

temperature range and the bus within a*€2® ¢ the instrument can radiate to space.
+50°C temperature range throughout the mission.

The reference mission has distance extremes from o .
0.02 AU (4R9) to 5 AU (Jupiter orbit). Thermal dissipation from the ARPS (which can pro-

vide about 197 W at end of mission) may be
All instrument hardware located internally to thetilized to heat the bus if additional heat is required.
spacecraft bus must be able to withstand a flight dfte spacecraft may use radioisotope heater units
erating and nonoperating temperature range (8HUs), electrical heaters, louvers, radiators, and
—20°C to +50C. The maximum thermal dissipathermal blankets for temperature control, as well as
tion for each bay in the bus allocated to scienasing ARPS waste heat.
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5.3. Command, Control, and Data sensors and radiators. In addition, an FOV for a na-

The spacecraft data system is being developedEngv'eWIng plasma spectrometer is shownt20"

the X-2000 Program. It centers on two system flig . hield ted de b E
computers (SFCs). These computers share engin%lQWn primary shi€ld mounted on a side boom. ~or

ing tasks and science tasks. A generic microcontro F "’.lﬂ instrument boom, the maximum FO\( 'fror'n
serves as the standard interface between the %t fip of the boom at the fuII_y_ extended pQS|t|on IS
buses and remote terminals such as instruments. - For the fully stowed position, the FOV is 322
microcontroller provides interfaces to the four data
buses: prime high speed, backup high speed, prigl
low speed, and backup low speed. The spacecrﬁfig
data system will include a data storage capacity o
~6 Ghits to store all of the software and data for thée spacecraft coordinate system is as shown in Fig-
mission. About 4 Gbits should be available for sdire 22. The spacecraftaxis is through the centerline
ence data storage. The current baseline design ehthe spacecraft, withzin the thrust direction. (At
ploys nonvolatile flash memory (NVM). The plannegerihelion, Z points at the Sun.) The-Y plane in-
software operating system for the spacecraftt@ysects th&-axis at the base of the bus and is ori-

VxWorks. The planned programming languag@nted with Xin the direction of the HGA boresight
is C'™. beam and with ¥ in the direction of the spacecraft

velocity vector at perihelion.

V is shown for an instrument of this type having

. Coordinate System, Mechanical
sign, and Temperature Control

5.4. Fields of View The HGA serves as the primary heat shield. Coni-
The FOV for the bus-mounted instruments isl&&f cal secondary shields exist between the primary
angle on the tapered wedge or bay surface, as shehield and the bus. All of the shields are made of
in Figure 21. This FOV surface is good for botharious types of carbon—carbon. The HGA dish and

ft—— 21 m
i
Field of Wiew: 44
Plasmma Colleciog
“a/
Opticul Instroment /
Light "Tuhes -
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Csadranm= only)
4.7 1
L 70 FOW Inser

Figure 21. Instrument fields of view.
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tank is structurally mounted to the bus closeout plate
and located inside the bus structure. The closeout
plate houses all of the propulsion components in-
cluding the four thruster clusters. The closeout plate
also has the integrated science payload boom attach-
ment and the ARPS attachment bracket.

The aft instrument boom is stowed at launch and
immediately deployed using a one-time actuator that
moves the boom from a launch position to the flight

position. The boom extension actuator is located on
the boom. The instruments on the boom are located
very close to the ARPS, which produces radiation

(gamma and neutron) and a significant magnetic
field. The instruments are also located in an area that
may have some minor thruster-plume impingement
from theZ-axis thrusters. This impingement is not a

thermal issue but is a contamination issue. The disc
shade below the ARPS helps reduce contamination.

{ 5.6. Attitude Control

Z The Solar Probe spacecraft is 3-axis stabilized. Atti-
Figure 22. Spacecraft coordinate system. tude is determined using star trackers, gyros, and Sun
sensors. Each of these sensors is block redundant.
Gyros are part of an inertial reference unit. Attitude
control andAV maneuvers are accomplished by fir-

secondary thermal shields make up the thermgd the 0.9-N thrusters located on the four thruster
shield/HGA system. The unusual shape and oriengfissters.

tion of the off-axis HGA is consistent with the

quadrature geometry at perihelion; quadrature allowggitional functions of the spacecraft attitude con-
a real-ime communications downlinks with Eartlo| system are to navigate and control the injection

system are two light baffles. The light baffles, madggyided by the spacecratft.

of carbon—carbon, allow solar light to be attenuated

as it passes through to the instruments that are Mg|Ba iy continuous attitude estimation is planned. The
tained at room temperature inside the bus. star tracker must providem4steradian attitude de-

Below the HGA is the bus consisting of eight bayrmination. The gyros are used during maneuvers,
Four of these are called bus panels and house@Ré both trackers and gyros may be used for atti-
spacecraft avionics. Between the four panels are féiffe reference during the perihelion passage. The Sun
tapered bays or wedges. Three of the tapered wedtRi¥or is used principally for attitude acquisition dur-
(the_x’ +Y, and—Y bays) are for science use, aniﬂlg cruise and faults. Key baseline Capabilities for
the fourth houses the attitude control sensors. Instifig overall attitude control system are

ment interface attachments will be determined after

the instruments are chosen. Pointing accuracy 7 mrad
Mounted in the center of the bus is the propulsi®ointing knowledge 3 mrad
tank. The reference propulsion system is a single-

tank monopropellant system utilizing hydrazine. ThHointing stability 1 mrad/s
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5.7. Telecommunications 5.8. Propulsion

The telecommunications system for Solar Prol&e propulsion system provides the required onboard
reference mission consists of a parabolic HGAcremental changes in velocity and reaction attitude
block-redundant 3-W RF X-band solid-state powepntrol capability for the spacecraft over the lifetime
amplifiers (SSPAs) and block-redundant small deegf-the mission. The total propulsi&V is baselined
space transponders (SDSTSs). A top-level diagran90 m/s; it is sized for the Jupiter gravity assist
showing the telecommunications system architecturajectory reference mission with twaRi-flybys of

is shown in Figure 23. The telecommunicatiorise Sun. The system is a monopropellant system uti-
configuration shown is a unified uplink/downlink Xdizing hydrazine. The thrusting system consists of
band design such that all telecommunications liekght 0.9-N thrusters, which are used both for pro-
functions can be utilized simultaneously—commanplilsion and for attitude control.

telemetry, Doppler tracking, and ranging.

The real-time telemetry rate near perihelion varigs In-Flight and Near-Sun

accordlr_1_g to representative data shov_vn in Figure 2hvironmental Hazards

An additional fundamental assumption is that the

amplitude scintillations caused by coronal perturbgenerally recognized environmental hazards for
tions on the downlink are infrequent transient everp8lar Probe fall into three categories:

and are not expected to significantly affect this te-
lemetry rate performance (see Bokulic and MoorJef,
1999). 2. The radiation environment

Dust hazards

SS5PA

Ny

HYH|

—] S5PA

bt |

SDST

RO W

DATA ‘ ‘ ‘

LK
CLOCE

-

4
-
=
-

XM | 394

rev | SDST —— I

8 kHa

Figure 23. Telecommunications subsystem architecture. (CMD = command; DPLX = diplexer; HYB = hybrid device;
R/S = Reed-Solomon coder; RCV = Receive; SSPA = solid-state power amplifier; SDST = small deep-space
transponder; XMT = transmit.)
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Figure 24. Solar Probe telemetry rate near perihelion on October 10, 2010.

3. Sublimation from the carbon—carbon thermadl Measurement Obscuratieameasurements
shield/antenna dominated by the hazard environment, including
fboth spacecraft-generated signatures and
processing and detection failures in elec-
tronics caused by an increased radiation

Dust impact and radiation hazards are functions o
the ambient (natural) environment. An additional
source of radiation is the ARPS. The hazard of sub-
limation from the spacecraft’s thermal shield is self- background

induced. The levels of all three natural hazards, &s Instrument Failure—e.g., arcing, structural
well as necessary mitigation levels and procedures,damage from grain impacts, permanent
have been subjects of ongoing debate since the So-electronics failure from radiation damage

lar Probe mission was first proposed in the late 1978s. Spacecraft Failure-Structural, thermal control,
The earliest work was done in conjunction with the and/or avionics failure producing the loss of the
Starprobe mission, an early version of Solar Probe spacecraft and the mission

(Neugebauer et al., 1978, on radiation; Goldstein_et . . .
al., 1980, on outgassing and spacecraft potential € maximum acceptabl.e haz?"d level IS Jus_t prior
The most recent comprehensive work was comple{ Oencounterlng level (2); that is, contamination of

at the Solar Probe Environment Workshop (Vaisb asurements is classified as acceptable, although
and Tsurutani, 1995) this implies that the contamination can be recognized

. ) . and worked around or calibrated out.
The three environmental hazards just listed can be

further grouped in order of increasing problem
levels: 6.1. Dust Hazards

1. Measurement Contaminatienincluding There are no design-quality data on the magnitude
obscuration of optics and detection of spacecraif-the dust environment near to the Sun. Observa-
generated signatures of tihesitumeasurementstions of scattered light (the F-corona) suggest the
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presence of dust near the Sun but yield no infornedeminum shielding. By using approved parts lists

tion on the size distribution, and there is ambiguignd introducing functional redundancy of appropri-

in separating thermal from scattering effects in tiage subsystems, this level of radiation background is
measured light intensities (Mann and MacQueeasgsily dealt with. The same is true for single-event
1995). Within 0.3 AU of the Sun, heating and subleffects produced by galactic cosmic rays and/or so-
mation of dust is expected to lead to a depletionlar proton events (Garrett, 1996).

the dust environment (dust originates from a variety

of sources and is decelerated on Keplerian orbits Bye radiation hazard from the Sun itself remains
the Poynting—Robertson effect) (Mann, 1995). Ognknown. Both shock acceleration and direct (flare)
servations of zodiacal light from the Helios spac@cceleration have been implicated in producing par-
craft suggest that a conservative extrapolation diHes seen in the 10-100 MeV energy range. Work
be made using distance from the Suh® depen- by Tsurutani and Lin (1985) and Reames (1995) sug-
dence, where most of the dust is concentrated @sts that the dominant component of the proton flux
ward the plane of the ecliptic and has an exponen@iall AU is due to shock acceleration. Such shocks
scale-height distribution (Tsurutani and Randolpfgcur ahead of fast CMEs, which occur primarily

1990; Skalsky and Andreev, 1995). Extrapolatiofi¢iring solar maximum. Ulysses has indicated that
based upon this model suggest a worst-case nfabdE-driven shocks can exist at high heliolatitudes

flux in ~micron-sized particles of Il8gm2?s tat (Gosling et al., 1994), with significant particle ac-

4 Rs. A random hit at typical expected speeds 6gleration occurring. Wu et al. (1995) report that
=200 km $?! could cause structural failure of th&ME-related shocks first form at a substantial dis-

spacecraft. tance from the Sun (typically 15-2}). In addi-

tion, since high-Mach-number shocks are more ef-
fective at accelerating energetic particles, the
near-solar particle fluences would be less than an

The principal sources of radiation are Jupiter’s rgnyard scaling of ~2 (fluence) or 2 flux (Feynman
diation environment, the near-Sun radiation envirogt g|., 1995).

ment, potential solar flares, cosmic radiation, and the

ARPS. Solar Probe approaches the Sun from high latitudes
d passes over the near-equatorial active regions
atively quickly at perihelion. Both parts of this

6.2. The Radiation Environment

The ARPS environment assumes the use of an ﬁ[?
vanced radioisotope power source (ARPS) with ei fi A qf inimizing th icle flux/
general-purpose heat source modules repacka [fetory are good 1or minimizing the particie fiux

from a spare Cassini radioisotope thermoelect gence paused hby solar gveéltrs]. K'ptl)'ng.?r a?d
generator. The actual radiation exposure of an }s_urutam (1995) have examined the probability of a
strument assembly depends upon its configurati
on the spacecraft and will require a radiation tra

port analysis.

are occurring when Solar Probe is witdB0° of

e solar equator. Using the statistics of Reames
995), they find the probability to be about 2% dur-

ing solar maximum. Clearly, the solar flare fluence/

The Solar Probe mission is subject to natural radix at high latitudes needs to be studied more closely
tion hazards from the magnetospheric environmdatbetter understand the quantitative doses.

of Jupiter and from the solar coronal environment

itself. A Jupiter flyby is required for any Solar Probe

mission using present-day launch vehicles. LaungtB. outgassing—Sublimation Hazards

dates over the next two decades require a Jupiter flyby _ L
to within 10R, of the planet. This region has bee){?utgassmg and sublimation can pose hazards to the

well explored by the Pioneer 10 and 11, Voyagel. I?r Progle in.se\ﬁeral Waysi Th? mosé ifmportﬂnt
and 2, and Ulysses spacecraft. ikely problem is that neutrals released from the

high-temperature heat shield will become ionized
For a ~10R; flyby distance, the expected radiationlose enough to the spacecraft either to alter the prop-
environment at Jupiter is ~35 krad with 100 mil afrties of the solar wind ions and electrons or to
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generate plasma waves that might mask observatwailable in the Valentine et al. (1997) study, the
of ambient plasma waves. An additional issue is caANAF thermochemical tables were used to estimate
tamination of spacecraft surfaces by deposition thie relative amounts of loss of various multiatomic
neutral carbon. If the density of the neutral carbearbon neutral species (CGC,, C;, C4, and G). If

gas is sufficiently low that the flow of carbon neutrathe Valentine et al. (1997) study results are used, the
is collisionless, the problem does not appear to btal mass loss rate for the current Solar Probe de-
major one, because sensitive surfaces can be ign is estimated to be about 3.33g/s; using
tected by restricting the line-of-sight to the hot nethe JANAF tables produces results that are about
tral source. Proper prelaunch heat treatment canFaimes greater (1.8 1072 mg/s). Note that this is
duce the risk from outgassing, but sublimatidhe maximum sublimation rate that occurs &4
remains as an unavoidable minimum. Sublimati®hen the spacecratft is further from the Sun, the tem-
rates are discussed in the following two sectiongerature decrease leads to orders of magnitude less
These sections discuss the ion pickup process aaoblimation.

estimated mass loss rates and show them to be

low enough to prevent interference with the scienbtass loss rate and interference with science
observations. objectives:

Early in the Solar Probe concept studies, it was rec-
ognized that the composition of the thermal shield
In the design of the thermal shield, the following logiwould drive how closely the spacecraft could ap-
was used: (1) Sublimation of shield material (caproach the Sun before the situ measurements
bon) could interfere with measurements ofithgitu  would be corrupted. Goldstein et al. (1980) noted
environment. Such measurements are the ratiortlgt the driving criterion was “a requirement of no
for the mission. (2) Shield sublimation is a functiomportant interference with scientific objectives.” In

of the shield temperature and the thermal/optigzarticular, these authors were concerned to keep the
material properties of the shield. (3) Shield tempeifect on plasma wave and electron observations at
ture must be driven by the “acceptable” outgassirgminimum. Positive ions can presumably be sepa-
sublimation/ablation rate—as determined by anotttated fromin situions in the plasma measurements
calculation. (4) Shield temperature is then determined the basis of ionization state and composition.
by the amount of solar loading versus the amounttdéwever, sufficiently large mass loss rates could
radiative area. The actual calculations of shield teaiter the local electric field near the spacecraft, ad-
perature include both radiation and conductioersely affecting plasma, especially electron mea-
(which is much less important). For the planned Ssdrements. Based upon the criterion that the space-
lar Probe heat shield/antenna, a hot region near ¢haft float to no more than 20 V with respect to the
tip of the shield dominates outgassingeasured local plasma (and introducing a safety factor of 5),
sublimation rates have been available from graphikey derived a maximum acceptable outgassing rate
for some time (Drowart et al., 1959). Preliminargf 3.0 mg s for the entire shield system. An inde-
indications (Valentine et al., 1997) are that outgg¥endent constraint based upon less than a 1% chance
sing from various carbon—carbon matrices is abaiftan electron collision with sublimating carbon was
an order of magnitude less than graphite, presuamorder of magnitude less stringent. Plasma wave
ably due to surface energy effects. and wake effects were found to be unimportant at
this outgassing/sublimation level. The recent car-

The tip of the carbon—carbon heat shield is estimaigsh—carbon material test showed sublimation rates
to have an effective area of 0.4 at ~2250 K and far below this value (Valentine et al., 1997).

0.6 n? at ~2200 K. These areas supply most of the

sublimation that is strongly temperature dependemhe question of pickup ion effects was investigated
For materials fabricated using the chemical vapoy Okada et al. (19/95), Goldstein (1995), and
injection technique, the loss rates arEsurutanietal. (1995). Goldstein looked at the pos-
0.0046 mg m?s at 2242 K and 0.0015 mgTis ! sibility that the pickup plasma would interact with
at 2204 K. Since mass spectrometry data were ti@ solar wind plasma via waves that stand in the
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spacecraft frame. On this basis, the waves of interése effect of mass loading upon directly decelerat-
are lower hybrid waves and electron-cyclotron wavesg the solar wind was found to be negligible. Within
From the wave impedance for these types of wavabput 2 m of the spacecraft, the pickup ion number
Goldstein (1995) estimated that a mass loss ratelehsities were found to be comparable to the solar
2.1 X 102 g/s would result in a maximum potentialvind proton densities, but this would not affect the
perturbation in the plasma of about 5 V. Becauseaifservations. (Note that this conclusion is based on
uncertainties in the method of calculation, howevéhe old, higher outgassing estimates calculated from
he recommended that the mass loss rate be limi#l&dNAF tables rather than on the lower estimates
to about 2x 107 g/s. This work assumed a neutraibtained from Valentine et al., 1997).
ionization time of 30 s and a mass dominated py C
ions. Okada et al. (1995) examined the possibility view of these results, the most likely (if any) source
that G" ions and related electrons might generadéinterference with the measurements would be gen-
plasma instabilities. Using the Kyoto Universitgration of plasma waves by the pickup ions, thus
Electromagnetic Particle Code (KEMPO), they fourmbnfusing the interpretation of the waves normally
that no substantial waves were generated by eithegsent in the solar wind. It was assumed that the
the ion or the electron pickup. The combined U.Sswer hybrid (modified two-stream) instability would
Russian panel on Atmospheric and Electromagnédtie the most likely source of wave growth.
Environment Group (Tsurutani et al., 1995) deteFhis instability typically requires pickup ion den-
mined that the carbon/electron pickup process seesitg to be about 10% of the ambient ion density (at
not to be a problem for Solar Probe. least if the instability is to be isolated in the frequency
spectrum). For the case of encounter &s4the
The Science Definition Team obtained some simpigaximum growth rate was taken asd).5, where
checks on the work just described. As a check on the, is the lower hybrid frequency, and the minimum
ionization rate assumed in the previous studigfowth length was taken as the solar wind velocity
W.-H. Ip independently calculated the ionizatiogivided by this growth rate. On this basis, the mini-
rates using more recent estimates of photoionizatidam growth rate was found to be 120 m, and full
rates and electron impact rates. The results he gkpwth to saturation is typically found only after
tained for photoionization and electron impact ratg8/w, ,,. As the scale size of the ion cloud where the
near the Sun are summarized in Table 6. density is 10% or greater is much smaller than
120 m, it is concluded that the lower hybrid instabil-

Note that for the results in Table 6, thedhd G ity is not likely to be a cause of interference.
photoionization rates are from Huebner et al. (1992).

The solar condition was assumed to be for the quiet

Sun at solar minimum. No laboratory data exist f o .

the photoionization cross sections gfadd G. The 7. Mission Operations Concept
electron impact ionization rates fof @d G were As with the Europa Orbiter and Pluto-Kuiper
obtained from D. Shemansky (private communicBxpress missions, Solar Probe has short critical
tion, 1997). As with photoionization, the electronbservation and activity periods interspersed with
impact rate of @is assumed to be the same as thatatively long cruise segments of low activity. For
of C,. The electron temperature is assumed to f&ch long missions, appropriate trade-offs between
10° K; case (a) is for electron number density afutonomy, low-level monitoring, and high activity
10%cm? and case (b) is for & 10%/cm?, periods must be incorporated into mission operations

Table 6. Photoionization and electron impact rates at 4 solar radii.

Photoionization Electron impact Total (Case a) Total (Case b)
C, 2.4 x1072/s 1.34x1073/s 2.53x107%/s 3.07 x107%/s
C, 2.6x1073/s 2.38x103%/s 498 x107° /s 1.45x 107 /s
C; 2.6x1073/s 2.38x103%/s 498 x107° /s 1.45x 107 /s
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in order to assure mission success while controlling performance checks, and limited encounter
operational costs. sequence verification tests. Science team activity

o . will be minimal during this period.
To greatly reduce the cost of mission operations dur-

ing a long flight, the “beacon cruise” concept has “Canned” Encounter Sequencdhe Science
been developed. The high- or medium-gain antenna Team will define a pre-programmed encounter
points continuously toward the Earth during cruise, sequence for automatic execution onboard, test
with the receiver operating and the transmitter broad- it during prelaunch mission simulations, and
casting an uncoded carrier. The broadcast carrier hasrefine and re-verify it during the long cruise. The
three possible tones: (1) everything’s okay; (2) data encounter sequence for the second perihelion
are ready for downlink; or (3) a serious problem pass will be updated based on findings from the
needsmmediateattention. first pass.

The broadcast carrier can be received by smaker A Long MissionThe launch will be followed by
ground stations than are normally associated with a checkout and calibration phase lasting about 3
deep-space missions, so that much of the spacecrafimonths. The spacecraft will fly in beacon cruise
health monitoring can be done on a loosely sched- mode for about 1 year before reaching Jupiter.
uled basis by non-JPL partners (i.e., universities, in- For the 5 weeks during the Jupiter gravity assist,
dustry, other NASA centers) or other non-DSN DSN coverage will be increased to daily passes,
facilities. If the tone indicating a problem is received, and additional staff will be added to the
then the spacecraft is tracked more intensively by operations team. After about 2 more years of
the DSN, and an emergency response team is quicklybeacon cruise operations, a solar pre-encounter
assembled to resolve the problem. phase will begin at perihelion minus 60 days.

The Solar Probe spacecraft will feature a large de- First Solar PassStarting at perihelion minus 30
gree of autonomy, self-monitoring, self-command- days, continuous DSN coverage will allow
ing internal fault protection in both software and science data to be continuously downlinked in
hardware, and automated onboard resource managereal time at ~50 kbps (the real science downlink
ment, so that a small ground team will be needed data rate after packet, frame, coding, and
during cruise. With the robust power and thermal engineering data overhead have been accounted
control capabilities of a spacecraft powered by ARPS for). To accommodate occasional blackout
generators, the time criticality of recovery from pos- periods and the possibility of ground station
sible anomalous spacecraft conditions during cruise failures, science data may be redundantly
is far less than for solar-array powered spacecraft. recorded onboard and played back later.

Some months before the solar encounters, a larger

ground team will be assembled to perform the firal Seécond Solar Paséfter about 3.5 years of very
instrument calibration, planning, and implementa- 10W activity beacon cruise, the second pre-

tion of the science encounter phase of the mission. Perihelion operations phase begins at perihelion
minus 30 days.

The mission operations and data handling concept N _

for the Solar Probe Project has been specifically A Unified Flight and Ground Data SysteBoth
designed to reduce operations cost while supporting flight and ground data systems are included in
the Solar Probe Science Team, promoting educational@ integrated end-to-end mission operations
outreach, and reducing development costs. The mainSyStém (EEMOS). This unified architecture

attributes of this mission operations and data han- €nables functions to be tested first on the ground
dling concept are and then integrated into the onboard flight

system. It enables trade-offs to be made between
« Constrained CruiseConstrained operations flight and ground autonomy, and it provides a
during cruise assume limited contact with the conservative approach to the use and
spacecraft, infrequent science sensor status andimplementation of autonomy.
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Automated Operationgutonomy, to lower the enables students to participate in this invaluable edu-
cost of mission operations, will includecational experience, while enabling significant cost
automated fault detection, isolation, and responsgluctions throughout the long mission.

for spacecraft and science sensor faults; the

ability to autonomously initiate commands and

sequences based on detected events or conditi§dReferences
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